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A chief challenge experienced by researchers and surgeons alike is to effectively 
control the degradation rate of magnesium in biological environments. Magnesium 
degrades rapidly in the body and various methods that entail prolonging its duration 
are in place. We employ the use of thin coatings to adjust the degradation rate of 
magnesium while preserving wound integrity during the duration of wound healing, 
primarily because coatings are easier to vary and we do not need adjustments in the 
mechanical properties of magnesium for our intended areas of application. 
 
In-vitro experiments were designed and conducted to determine the degradation of 
uncoated magnesium strips and those coated with polycaprolactone in various 
simulated in- vitro media, first starting with adjusted Phosphate Buffered Solution 
with Xantham Gum. The experiments were then repeated with Hanks Balanced Salt 
Solution and BioXtra, mouthrinse solution. Concurrently, to the in-vitro experiments, 
a series of in-vivo experiments were conducted to determine the absorption 
characteristics of the magnesium microclips and biocompatibility of the microclips 
were assessed based on histological results.  
 
Results from accelerated degradation tests revealed that magnesium corroded rapidly, 
losing up to 50-80% of its mass over a period of a week. Conversely, a sample coated 
with a thin film comprising of 2wt% of polycaprolactone was able to retain 61% of 
its mechanical strength at the end of 3 weeks in HBSS as a simulated biological 
media. The rate of thickness reduction recorded for PCL coated samples was reduced 
from 0.04mm/day on the first few days of immersion and stabilized to approximately 





to 0.03mm/day between the first and second week of immersion in HBSS media. The 
results showed that PCL coated magnesium samples could withstand early stage 
corrosion within the first 2 weeks with sufficient mechanical strength that was not 
caused by a premature loss in volume. Surprisingly, there was a minimal record of 
mass loss throughout the periods of degradation on the uncoated magnesium clips in 
our selection of media for to match an actual saliva environment possibly due to the 
presence of fluoride ions in the selected BioXtra mouthrinse solution that served to 
inhibit the anodic dissolution of magnesium.  
 
Histological results from the in-vivo experiments revealed that both magnesium and 
PCL coated microclips exhibited adequate healing results in many of the microclip 
implant sites. A lower count of neutrophils was observed on sites surrounding PCL 
coated microclips, compared to the uncoated magnesium microclips. This suggested 
that PCL coatings on magnesium effectively reduced the inflammatory responses of 
the host tissue. PCL coated microclips also exhibited a lower attrition rate at the end 
of 2-3 weeks in comparison with the uncoated magnesium clips, although the 
numbers of clips implanted were too small to be statistically conclusive. 
 
While the results of the degradation tests and in-vivo experiments were not entirely 
conclusive, much progress has been made in material selection requirements for a 
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Chapter 1: Introduction 
 
1.1 Overview of wound closure methods for laryngeal microsurgery 
Laryngeal microsurgery often requires the skilled creation of a mucosal micro-flap 
around the perimeter of enlarged nodules, intra-cordal cysts, polyps or polypoid 
degeneration (Reinke’s edema) to remove these growths [1, 2]. The surgical process is 
usually tedious and time intensive due to the limited field of vision that surgeons operate 
through a rigid laryngoscope. The complexity of surgical operations is compounded when 
multiple laryngeal micro instruments have to be manipulated within tight space 
constraints of the laryngoscope [3]. 
 
Due to the complexity of the operations, surgeons are faced with a dilemma of it may be 
necessary secure the vocal fold wound after surgical excision. Based on the experience of 
the surgeons, minor excisions that rarely cause trauma to the underlying structures of the 
vocal fold, such as polyps, are usually left unsecured by the surgeons for the wound to 
heal via primary intention. In contrast, procedures that involve removal of large cysts 
beyond the superficial lamina propria layer of the vocal may result in trauma to the 
deeper tissues of the vocal fold [2]. In this case, reduced quality of patients’ phonation 
can result due to the formation of a stiffer extracellular matrix accompanied by loose 
collagen formation if the wound is left unsecured [3, 4, 5]. At this juncture, surgeons will 





1.2 Wound closure techniques in laryngeal microsurgeries 
Current methods of wound closure in laryngeal microsurgeries range from traditional 
methods of closure, such as sutures, adhesives and staples to advanced techniques of 
closure such as ones that involve energy based techniques, such as using carbon dioxide 
(CO2) lasers [4].  Traditional wound closure methods can be threatened by new and 
advanced techniques of wound closure should these devices become clinically efficient 
and cost competitive [8]. Moreover, the wound healing industry at present day is seeming 
to representative of a paradigm shift- sutures, stapling devices, surgical glues and 
adhesives have started to give way emergent technologies such as biocompatible 
polymers in surgical wound closure procedures [8, 9, 10].  
 
However, adoption of polymer and polymeric biomaterials in wound closure devices are 
slow. Polymeric biomaterials are not without its plethora of issues, with low mechanical 
strength, phenomenon of acid dumping and viscoelastic creep being critical restraints to 
materials selection and design for biomedical applications [11].  The continual study and 
substitution of polymers with bioabsorbable metals, such as magnesium is being explored, 
where resilience in mechanical strength during the period of biodegradation is of 
significant importance. Examples of such applications include the implant of 





Magnesium, a lightweight metal with mechanical properties similar to bone has been 
extensively studied and applied in various surgical environments [13, 14]. It is 
biocompatible and is essential to the human metabolism as a cofactor for many enzymes. 
It has also been reported that magnesium forms soluble and non-toxic oxide in body fluid 
that is harmlessly excreted with the urine [15]. Furthermore, the U.S. Food and Nutrition 
Board recommended daily allowance of magnesium for adult males and adult females 
between 31 years to 51 years of age at respective amounts of 420 mg/day and 320 mg/day 
for healthy bodily functions and metabolism [16].  Unless extremely large magnesium 
structures are placed in the body, it is unlikely that mass losses from such implants 
exceed the recommended dosage per day. It is important to draw lessons from corrosion 
science, mechanical configurations and properties when designing implants in this 
particular category.  
 
1.2.1 Sutures 
Eighteen-inch chromic suture on eye needles are commonly used in endoscopic repair of 
vocal fold defects. Fine adjustments of the microsutures allow surgeons to precisely 
correct for symmetry and tension of the vocal folds. Sutures! have! been! effective! in!restoring!healthy!function!of!the!vocal!fold,!with!restored!magnitudes!of!vibration,!restoration!of!mucosal!wave!and!ratings!of!vibratory!function!after!a!month![4].!!!!However,!the!process!of!deploying!and!securing!sutures!can!be!extremely!complex!vocal! folds! due to restrictions imposed by the laryngoscope. Restrictions include 




loss of stereopsis. High level of dexterity skills are required during suturing as the 
surgeons must exercise care not to grasp the deeper structures of the vocal folds. Even 
then, suturing during laryngeal microsurgery and other types of minimal access surgery is 
time consuming and adds considerably to the total operating duration [2, 3]. A senior 
ENT Consultant required approximately 21 minutes to complete the sutures on the vocal 
fold of a pig, while a less experienced consultant required approximately 38 minutes to 
complete a surgical procedure. 
 
Beyond the use of sutures in vocal fold wound closure, the examination of the larger 
context of global markets in wound closure devices can provide an indication of wherein 
lies the opportunities in new methods of wound closure. According to Frost and Sullivan 
Market Analysts, sutures form the dominant wound closure method adopted by surgeons, 
commanded 71.8% of the total Asia-Pacific wound closure market revenue in 2012. 
While sutures command the largest market share amongst other methods of wound 
closure, revenue arising out of this segment is expected to decrease to 70.8% by 2017. 
The growth of modern wound closure products including mechanical wound closure 
devices and tissue sealants can potentially threaten the absorbable sutures market [18]. A 
breakdown of the present market share of wound closure device in the Asia Market is 







Figure 1: Suture segment, breakdown by % device sales in Asia Pacific: 2012. Sourced from [18]. 
 
An understanding of the larger context of adoption triggers of these new devices against 
the de facto standard of use of sutures in minimally access surgeries is crucial in 
benchmarking designs for R&D in wound closure. Surgeons can be resistant in the 
adoption of these new procedures, as many of them have invested high amounts of time 
in mastering techniques of suturing. Unless the new procedures can critically reduce 
incidences of infection and wound dehiscence, the threat of new incumbents on the 
existing suture market is likely to have limited impact [8, 13].  !
1.2.2 Adhesives 
Due to the difficulties of re-approximation of the epithelial flaps of the vocal cord during 
mircolaryngeal surgeries and phonosurgeries, many surgeons prefer to use of adhesives to 




Singapore General Hospital (SGH) informed that the application of cyanoacrylates 
(generally referred as super glue) for wound closure of the removal site is common within 
localized communities of practice.  
 
Despite the advantages of ease of application of adhesives as compared to suturing of the 
vocal fold wound, the disadvantages of the glue itself prevent its widespread adoption by 
surgeons.  These include leakage of glue into the wound that results in a widening of the 
scar tissue; rapid curing limits the ability of surgeon to re-appose gaping wounds and also 
the lack of tensile strength to hold the wound together [9, 17]. Compared to commercial 
adhesives, fibrin glue serves the current de-facto standard as an adhesive in wound 
closure as it is formed of natural.  
 
Fibrin glue mimics the coagulation cascade of the wound healing process by promoting 
cellular migration and the cross linking of fibrin in the presence of fibronectin [20]. 
However, fibrin glue is not without its limitations.  Fibrin glue applied over a wound 
surface takes several minutes for initiation of curing and takes several hours to develop 
its full strength. Furthermore, similar to that of cyanoacrylates, fibrin glue lacks sufficient 
tensile strength to withstand moderate stresses before bond rupture. Apart from these 
limitations, Dr Lau commented that the wearing of glue might be an issue since the vocal 
folds abduct and adduct at high frequencies during speech. This result in constant 
shearing against the adhesive glue and the wear debris may have contributed to the 
impedance of vibratory properties of the vocal fold [21]. In a separate study, fibrin glue 




vocal folds of rabbits after 90 days of wound closure after surgery. Outcome of healing 
was less than desirable as the stiffer extracellular matrix resulted in the impeded 
phonation qualities of the rabbits [22]. 
 
1.3 Alternative wound closure materials and methods 
Alternatives methods of wound closure that follows the excision of vocal cord lesions in 
laryngeal microsurgeries can potentially address key limitations in current wound closure 
procedures in sutures and adhesives, the first being too tedious to apply and the second 
having less than optimal mechanical properties to withstand stresses and impeded healing 
outcomes of the vocal fold. The ideal closure will be to restore the original integrity of 
the tissue, inexpensive and easy to apply by the clinicians. The material used in a suitable 
wound closure method should possess a tensile strength and degree of elasticity suited to 
the tissue [23]. The following subsections benchmarks the use of litigating clips used in 
wound closure devices and various materials, such as magnesium in wound closure and 
serves as preliminary literature review to add the construction of the hypothesis. 
 
1.3.1 Litigating clips used in laparoscopic surgeries 
In the recent years, there appears to be an emergent threat to the dominant design of 
sutures in the development of advanced wound closure methods and biodegradable 
polymers with antimicrobial coatings for drug delivery. There is a significant jump in an 
adoption of novel wound closure methods that do not require a second surgery to remove 
[9, 24] .This is seen with much success from the cases of biodegradable drug eluting 




D-L-lactide-glycolide copolymer (PLGA) and burr plugs for cranioplasty constructed 
with poly-ε-caprolactone polymer (PCL) as no second surgery is required to remove the 
implants and they demonstrate equitable or better healing results with fewer 
complications compared to metallic biomaterials [23, 24].  
 
The introduction of litigating clips manufactured from novel polymers (polydioxanone) 
mitigated limitations of stainless steel clips used in laparoscopic cholecystectomy. These 
clips produce minimum tissue reactivity with good polymer-tissue adhesion and are 
radiolucent to medical imaging [27]. Many of the major issues of the stainless steel clips- 
ranging from significant foreign body reaction, poor holding power, characterized by 
accidental dislodgement from a vessel or structure and significant interference with 
roentologic studies including computerized tomography (CT) and magnetic resonance 
imaging (MRI) could be effectively circumvented [19, 20]. The clips are completely 
absorbed in the process of ester bond hydrolysis over a period of 180 days. Moreover, the 
byproducts of these bioresorbable clips are excreted by urine. In recent development, 
polymeric clips achieved a design without the necessity of incorporating security latches 
as a feature. This implies that structures that have to be litigated no longer have to be 
dissected free of the surrounding tissues in order to hold the clip in position [27]. 
 
The absorbable surgical ligitating clip featured by Klein, RD et al. [27], consists of 2 
tracks. The inner track component manufactured from polyglyconate polymer and the 
outer body made from polyglycolic acid. The inner track and body components are 




insertion with the Lapro-clip applicator. A schematic diagram of the process of insertion 
of a litigating clip into a cystic duct is shown in Figure 2. 
!
Figure 2: Schematic diagram of the Lapro-clip and the technique used for securing it in place.  Source from [23]. !
This design of the litigating clip demonstrated initial strong holding forces of 1095g and 
573g in both axial and traverse directions as compared to metallic clips, represented by 
234g in axial pull off force and 635g in traverse pull off force [5, 19], with good recorded 
strength of the clip stated at 80% of its original strength after an implantation period, with 
the greatest decrease of 42% occurring between the 7th and 10th day of implantation.   
 
Based on the good wound closure and healing results demonstrated by polymeric clips in 
laparoscopic cholecystectomy surgeries, we hypothesize that a similar clip will be able to 
hold the wound sites more securely and facilitate better healing as compared to surgical 
glue adhesives. These clips do not spread across the underlying epithelial surface. Hence, 




handling and speed of insertion of the clip could be easily factored into the design, 
coupled with the use of the laryngeal biopsy forceps (Endo-Therapeutics, Inc). 
 
Surgical staples and litigation clips can compete against traditional suturing methods for 
closing deep wounds. Like surgical staples, litigating clips have been proven to be an 
effective method for closing wounds for certain surgical procedures [9, 23]. In certain 
cases, the use of these alternative wound closure devices can reduce operating time by as 
much as 60 percent [18]. The savings in operation time represent significant cost savings 
for hospitals by reducing the time surgeons and support staff are paid for an operation 
and increasing the throughput of patients. Nevertheless, a large increase in revenues in 
these procedurally effective devices has not been witnessed by the industry as expected. 
Two factors have contributed to slowing the penetration of staples and litigating clips into 
the market: Lack of acceptance by surgeons and physicians and lower than expected 
numbers of minimally invasive surgeries. The habits and preferences of surgeons can 
well determine the dynamics of adoption of these staples and litigation devices, amongst 
the emergence of other wound closure methods [10]. Key restraints in surgeons’ adoption 
of staples and clips include their expertise and comfort in handling sutures and resistance 
to change with sutures and relatively higher occurrences of infection and rupture of 
sealed wounds as compared to using sutures [9]. 
 
1.3.2 Magnesium in wound closure applications and beyond 
Development of resorbable wound closure interventions in surgery started from the early 




the name of Edward C Huse in 1978. The wires, obtained through electrolysis of fused 
magnesium chloride, MgCl2, was successfully in clinical anastomosis for vascular 
surgeries in 3 human patients [29]. It was during the period of time whereby design and 
development of resorbable wound closure devices appeared to coalesce around the 
embodiment of a wire (suture), which was considered to be a dominant design of wound 
closure devices [3]. A dominant design refers to a design that commands the largest 
proportion of market allegiance and sets industry standards for competitive market 
development and innovation. It is a result of complex interplay of technological and 
market factors that establishes a design hierarchy, which prioritizes the specialized 
trajectory for emergence of the dominant design [10]. 
 
One of the chief complaints of clinicians and scientists in handling the dominant design 
of the magnesium wires in suture applications was due to brittleness and kinking, on top 
of its unpredictable corrosion characteristics, despite having advantages of flexibility and 
bioasorption compared to other stainless steel wires [29]. In 1990, Payr noticed that high 
purity magnesium undergoes corrosion in vivo over 3-4 weeks, with an averaged 
degradation rate of 0.1g. The rate of corrosion varied widely with the thickness of the 
intra- vascular tubes used and the blood vessel density at the implantation site. Extensive 
fibrous formation was observed at sites whereby magnesium resorbed and tiny hydrogen 
gas bubbles evolved, facilitating hemostasis via the tamponade effect [4]. The addition of 
2% aluminum content resulted in a material ductile for aortic aneurysms; thrombus 
formation increased threefold compared to stainless steel materials. This presence of 




disease attributed to aluminum in the bloodstream [29].  
 
In 1924, Seelig’s research results showed that magnesium wires were brittle and could 
hardly be shaped into ligatures, often breaking or kinking in the process [29]. He 
employed strategies to increase its ductility was through the method of solid solution of 
magnesium with gold/ silver. He produced Mg alloys consisting of equal parts of Mg and 
Al, Mg and Cd, and Mg and Zn, as well as one mixture of 25% Mg, 35% Zn and 40% Al. 
These alloys were too hard and brittle, and without sufficient tensile strength for 
cardiovascular application [29]. 
 
Apart from the dominant design of magnesium wires studied and applied in surgery, there 
are alternative variations of magnesium for biomedical interventions in wound closure 
and bone fracture interventions. Hanzi et al. [30] studied the degradation performance of 
magnesium tipped rivets. Having observed the homogenous and sufficiently fast 
degradation of magnesium alloy WZ21 (Mgloy WZ21 ently fast degradation as compared 
to magnesium alloy ZQ30 (Mgm alloy y fast deg0.15Mn, in wt.%) shaped as rivets for 
in-vitro experiments in simulated gastric fluid at low pH values, he reported that WZ21 
magnesium-tipped rivets to be suitability for tissue joining in gastrointestinal surgeries. 
Other geometrical configurations of magnesium implants, such as plates and screws have 
been deployed in areas of load bearing applications in bone tissue. The kneed joints of 
children were found to have resorbed within a period of 3 weeks, evidenced by the 
disappearance of joint lines, and the magnesium plate holding the fracture site is absent 




the bone tissue where subcutaneous gas pockets observed. Patients reported a sleepy, 
numb feeling that probably resulted from the accumulation of hydrogen gas underneath 
the skin. Surrounding skin, soft tissue, bone and joints showed no adverse reactions to the 
corroding magnesium [29]. A concise summary of magnesium implant configuration in a 
range of biological implant sites is shown in Table 1. 
Table 1: Comparison of corrosion rates of magnesium in various biological implant sites. Compiled from [29]. 
 
Multiple laboratory investigations have since investigated the modification of magnesium 
via alloying in attempt to address its limitations in biodegradation [5-7]. Zhang et al. [31] !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1!Tamponade effect- the closure or blockage (as of a wound or body cavity) by or as if by 
a tampon- a mass of absorbent material (typical cotton or rayon or a mixture of the two 









Sheets Sheets Plates 
Thickness 0.1mm-0.8mm    
Duration of 
resorption 
18 days- few 
weeks 
3 weeks From 3 weeks for 50% resorption 
of large Mg plates to minor 
resorption after 5 weeks 
Effects of 
resorption 
Gas cavities Gas cavities Extensive fibrous tissue formation 
in the resorbed Mg areas. 
Impregnation with tiny bubbles of 
hydrogen.  
Bleeding was stopped via the 
tamponade effect1. 
After 14 days of continuous Mg 





reported significant improvement of both biocompatibility and mechanical properties 
with use of Zn as an additional alloying element to Mg-Si. Drynda et al. [32] developed 
and evaluated fluoride coated Mg-Ca alloys for cardiovascular stents, reporting good 
biocompatibility and slower degradation rates. However, as pure magnesium has been 
found to corrode too quickly in the low pH environment of physiological systems, much 
effort has also been placed into developing alloys or coatings to limit its degradation 
behaviour. Kannan et al. [33] studied the corrosion of AZ series (Al and Zn) magnesium 
alloys with the further addition of Ca, reporting significantly improved corrosion 
resistance with a reduction in mechanical properties (15% ultimate tensile strength and 
20% elongation before fracture).  
 
Following material investigations to improve corrosion performance of magnesium and 
its alloys within simulated conditions, some instances of research has seen the direct 
translation of the improved magnesium and its alloys into human trials and applications. 
The first tubular magnesium stent WE-43 designed and manufactured by Biotronik 
(Berlin, Germany)  degraded within the body over a 2 to 3-month timeframe, forming 
inorganic salts. Data from the 63-patient, first-in-man PROGRESS-AMS trial using the 
AMS first published in The Lancet in 2007 reported no cases of stent thrombosis and 
major adverse cardiac events (MACE) 12 months after the implantation. However, the 
occurrence of angiographic restenosis developed in 47.5% of patients at 4 months. 27 of 
the 60 patients available at 12-month follow-up needed repeat revascularization during 
the study period. The target vessel revascularization at 1 year was 45%.  There was 




radial support diminished with the degradation of the stent, although the stent was only 
completely absorbed after 2 months [34].  
 
Based on these recent progresses of the development of magnesium in laboratory 
research and clinical trials, it appears the most crucial aspect of design that researchers 
need to take into consideration of magnesium-based implant is its mass and dimensional 
stability during the assessed critical period of intervention at site of implant. These 
physical properties need to withstand against degradation during the critical period of 
intervention, as they directly correlate to mechanical properties of the material required to 
withstand the biological forces at the site until the intervention no longer plays a critical 
role in the biological healing process.  
 
1.4 Hypotheses 
The primary hypothesis is that a magnesium core wound closure device for microsurgery 
can be employed for wound closure within reasonable error of degradation time for vocal 
fold surgeries, and with good tissue-host response. This core material will serve as the 
basis for deposition and modification of its surface properties while retaining the 
mechanical properties of the bulk magnesium material.  
 
The magnesium core is be easily shaped and deployed rapidly using a micro-laryngeal 
2mm cup forceps, directing it to close in circular shape. The secured clip should be able 
to withstand degradation and the stresses in the vocal fold within the duration of a week. 





Although in-vitro tests tend to underestimate the actual degradation times of magnesium, 
we hypothesize that careful selection and design of range of controlled environments in 
the degradation studies of magnesium strips- the preformed microclips, can provide 
reliable insights and serve as a benchmark indicator of how long the microclips can last 
in a worst case scenario of aggressive environment attack, notwithstanding mechanical 
effects of collision and shear forces present in the biological environment. 
 
We also hypothesize that a series of in-vivo experiments can supplement confidence to 
the in- vitro results of degradation of magnesium strips. The in-vivo experiments will 
involve the surgical implantation of magnesium strips, formed into the shape of 
magnesium microclips into a selected number of pigs. Based on prior benchmarks across 
various animals by Jiang et al. [35], we select the use of the pig’s larynx as the closest 
biological proxy for the human vocal fold for in-vivo implantation experiments to be 
conducted. At the end of duration of in-vivo implantation experiments, the pigs will be 
sacrificed at intervals of 1- 3 weeks with the excision of their larynxes. Lastly, through 
the process of histological stains on the excised vocal fold tissues, we hypothesize that 
there will be no significant adverse reactions that render magnesium and its modifications 
to be unsuitable for wound closure intervention following laryngeal microsurgery on the 
vocal folds. 
 
1.5 Thesis organization 




summary of relevant literature pertaining to mechanisms of degradation of magnesium 
and criteria for the selection and evaluation of suitable test medium is discussed in 
chapter 2. We also discuss some of the various methods that have been deployed in the 
modification of bio-corrosion characteristics of magnesium.  
 
All experimental works that focus on the in-vivo degradation tests of magnesium are 
described in Chapters 3 and 4. This is also the focus of the main scope of this thesis, as 
in-vitro test solutions were often compared in attempts to draw parallels to wet corrosion 
in an in-vivo environment, whilst minimizing unpredictable factors such as dislodgement 
of material due to abrasions and impacts. It was of significant interest for the author to 
investigate the effects of the in-vitro test environments on the degradability of the 
preformed magnesium microclips- cold sheared magnesium strips.  
 
 Chapter 5 gives a preliminary investigation into the biocompatibility and period of 
resorption of the clip by implanting them into various porcine models. It shall exclude the 
design of the microclip tailored for deployment via rotation of the cusp laryngeal forceps 
that has been well conducted and documented by my colleague, Mr Chng Chin Boon [2, 
3].  
 
Finally, the conclusions and a brief discussion of future works will be discussed in 




Chapter 2: Literature Review 
A brief background of magnesium applied in various forms of biomedical interventions 
and implants have been described in Chapter 1. This chapter serves as an extension to 
describe the corrosion processes of magnesium in a biological environment. Section 2.1 
documents some of the electrochemical processes and mechanisms of corrosion of 
magnesium in various simulated biological buffers. The presence of anions in various 
simulated biological buffers and their impact on shifting the rate of corrosion are 
discussed in brevity.  Section 2.2 benchmarks the presence of ions and inorganic 
molecules in the human biological environment and extends discussion on how the 
inclusion inorganic constituents into simulated can affect the corrosion behavior of 
magnesium in-vitro.  
 
The literature reviews then shifts its focus to study the effect of coatings on the surface of 
magnesium in simulated biological environments. Section 2.3 discusses the anomalies of 
degradation behavior of magnesium in-vitro arising from coatings that limit the anodic or 
cathodic processes in the corrosion of magnesium.  Section 2.4 benchmarks various 
biopolymer coatings that can serve to mitigate the corrosion rates of magnesium in 
solution. A reference to these prior works would serve useful for the characterization of 
corrosion rates of magnesium for suitable application in laryngeal microsurgery. 
 
2.1 Electrochemistry and the corrosion of magnesium 
A theoretical understanding of electrochemistry and corrosion of magnesium in a 
biological environment would provide a background to account for the dissolution of 




for analysis and discussions of degradation behavior of magnesium in the in-vitro 
experiments to be conducted in Chapters 3 and 4. A summarized list of empirical 
equations that describe the electrochemical processes governing the degradation of 
magnesium in biological environments are listed as follows [36]. 
 
The anodic reactions for the dissolution of magnesium in a biological environment are: !"! ! + !2!"! !" → !" !" !2 + 2!!! (1) !"!(!) → !"!!(!") !+ 2!! (2) 
 
Cathodic Reactions are given as follows: 2!!! !" + 2!! → !!!! ! + !2!"!(!") (3) 
 
Magnesium hydroxide accumulates on the underlying magnesium matrix as a corrosion 
protective layer in water.  However, when chloride concentration in the corrosive 
environment rises above 0.03 molar concentrations, the semiprotective magnesium 
hydroxide layer is more readily attacked and consumed by the chloride ions. In 
environments with chloride content, magnesium is well known to exhibit larger degree of 
dissolution, resulting in the intermediate formation- MgCl2 (aq) stated in Equation (4) 
[37]. It is also important to note that the feedforward reaction happens when magnesium 





keep the magnesium specimens within active wet corrosion zones, according to the 
Pourbaix diagram given in Figure 3. 
 
Figure 3: Pourbaix diagram of Corrosion of magnesium. It is important to keep the test solution constantly 
stirred and refreshed, to prevent the buildup of localized sizes of alkalinity that inhibit the diffusion of 
magnesium ions into solution due to the formation of stable Mg(OH)2 layer. Sourced from [36]. 
 
Similarly, magnesium hydroxide on the surface can be dissolved by chloride ions in 
solution illustrated in Equation (5) [36]. !"! ! + !2!"! !" → !"#!!!(!")+ 2!! (4) 
 !"! !" !!(!)+ 2!"!!") → !"#$!!(!")2!"!!(!") (5) 
The adsorption of Cl– onto the magnesium semi-passive Mg(OH)2  layer can result in the 
dissolution of the surface into soluble MgCl2 (aq), thereby leading to the exposure of the 
newly film free areas magnesium for further electrochemical processes governed by 




in chloride concentration results in exacerbated dissolution of the semi-passive Mg(OH)2 
(s) layer, exposing fresh magnesium beneath the layers of scale formed [37, 38]. In 
particular, Liu et al. [38] argues that the abundance of Cl– anions facilitate its rapid 
adsorption to the surface film- limited competition from other larger anions- in the 
electrolyte result in high hydration of the surface component. The continuous 
transformation from Mg(OH)2  (s) to soluble MgCl2 (aq), with the diffusion of more Cl
– 
anions from electrolyte to the surface of magnesium accelerates corrosion. This 
phenomenon can be well explained by the chloride ions having a smaller ionic radius 
compared to the mean molecular size of the hydroxide ions, thereby giving them an 
advantage of penetrating crevices and unprotected areas of the Mg(OH)2 (s) film to react 
directly with the magnesium surface underneath, given by Equation (4). 
 
Chloride ions are able to penetrate beyond narrow regions unprotected by the Mg(OH)2 
layer to etch directly at the underlying magnesium, resulting in the formation of crevices 
or pits. Pitting of magnesium occurs within the range of 0.002 to 0.02 molar 
concentrations of chloride ions in solution. The phenomenon of pitting is also 
exacerbated with surfaces of magnesium that are given poor surface treatment/ 
unpolished [36, 33].  
 
The presence of anions, including chloride within simulated biological fluids can directly 
influence the in-vitro corrosion rates of magnesium, thereby widening the disparities in 
comparison with actual in-vivo conditions at the site of implant. Many types of pseudo-




experiments include 0.9 wt.% NaCl solution, c-SBF, r-SBF, Hanks’ solution, DMEM, 
PBS and so on. The corrosion behavior of magnesium alloys is very sensitive to the 
aggressive environment [40]. Hepes and Tris–HCl are pure buffers that can only consume 
the generated OH- during magnesium dissolution. It is well known that HCO3- (27 
mmol/L in body fluids) is the most important buffering agent in body plasma. HCO3- 
anions are not only capable of consuming OH- anions, serving as a good buffer against 
pH increases, allowing for pH to stabilize, just like biological processes do to preserve 
cell and tissue integrity [41]. The presence of HCO3- anions promotes the formation of 
insoluble carbonates on the surface of magnesium. This will definitely lead to different 
degradation behavior, possibly leading to a slower degradation rate of magnesium due to 
the formation of a stronger, more passive carbonate layer than the existing hydroxide 
layer. !!One!of!the!accounting!factors!for!discrepancies!in!corrosion!rates!of!magnesium!in!various!simulated!biological!buffers!is!due!to!the!different!constituents!of!anions!in!their! composition! [42,! 43].!A non-standardized range of simulated biological buffers 
used in assessing the corrosion rates of magnesium and various modifications in different 
environments have resulted in difficulties in assessing the individual efficacies of these 
interventions on the corrosion of magnesium [42, 43, 44]. To address the benchmarking 
of magnesium alloys while keeping the in-vitro test media constant, Xin et al. [41] has 
collectively summarized the gravimetric weight loss of magnesium and its alloys in 
Minimal Essential Medium (MEM) solutions in Figure 4. The degradation rates of 




~18 mg cm-2 day-1. Magnesium alloy AZ91 has the lowest degradation rate, while Mg–
5Ca shows the highest corrosion rate [41]. The cross-comparison of corrosion rates of 
various magnesium alloys, normalized to a mass loss in terms of milligrams per cubic 
centimeter per day serves as a useful reference for a benchmark and validation of the 
results of gravimetric weight loss tests for in-vitro experiments in the latter chapters. 
!
Figure 4: Comparative degradation rates from various magnesium alloys in MEM solutions. Sourced from [41].  
 
Although these benchmarks in simulated biological fluids provide an understanding of in-
vitro corrosion rates of magnesium, they still describe rates that are far from in-vivo 
degradation rates at the site of implantation. A systematic approach to determine suitable 
in-vitro test environments to simulate the desired implantation site and its local 
environment is difficult to achieve as many biological processes and environments are 
still not well understood [42]. 
corrosion. High concentrations of hydrocarbonates have been ob-
served to induce fast passivation on the surface, owing to quick
precipitation of insoluble carbonates [37]. Fig. 1c typically presents
the corrosion morphology of pure magne ium suffering from gen-
eral corrosion. A very smooth surface appears after exposure in the
test solution.
2.2.2. Degradation rates
To measure the degradation rates in magnesium alloys, two
techniques are usually employed, namely the weight loss method
and the hydrogen evolution method. In the weight loss method,




where DR refers to the degradation rate, W is the weight loss from
the sample, and A and t represent the exposure area and exposure
time in the solution, respectively. Before weighing, the sample is
usually soaked in chromate acid (200 g L$1 CrO3 + 10 g L$1 AgNO3)
for 5–10 min to remove the corrosion products. Chromate acid
can react with the corrosion products, but does not damage the
Mg substrate.
The hydrogen evolution technique described in Fig. 3 is based
on reaction (3). The amount of dissolved magnesium can be calcu-
lated from the volume of hydrogen generated from the reaction.
This technique is reliable, easy to implement, and not prone to er-
rors that are inherent to the weight loss method. In addition, the
hydrogen evolution method allows the study of the variation in
degradation rates vs exposure time. Experimental data have shown
that the corrosion products do not influence the relationship be-
tween hydrogen emission and magnesium dissolution [10].
The degradation rates determined from magnesium alloys in
MEM are presented in Fig. 3 [11]. The degradation rates of various
magnesium alloys can vary by 3 orders of magnitude from
%0.06 mg cm$2 day$1 to %18 mg cm$2 day$1, and AZ91 has the
lowest degradation rate, while Mg–5Ca shows the highest corro-
sion rate. A lower Ca concentration in the Mg–xCa binary alloy
Fig. 1. Corrosion morphology of magnesium and its alloys in a simulated physiological environment: (a) cross-section views of AZ91 magnesium alloy after exposure in c-SBF
for 1 day; (b) AZ91 magnesium alloy after exposure in 0.9 wt.% NaCl solution for 4 days; and (c) pure magnesium after exposure in c-SBF for 1 day.
Fig. 2. Corrosion morphology of AZ91 magnesium alloy after exposure to 0.9% NaCl
solution for 7 days.
Fig. 3. Degradation rates determined from various magnesium alloy in MEM solution. HPDC Alloy 1 contains 1.8 wt.% La, 0.97 wt.% Ce, 0.7 wt.% Nd and 0.4 wt.% Zn. HPDC
alloy 2 contains 2.98 wt.% La, 0.26 wt.% Nd and 0.4 wt.% Zn. HPDC alloy 3 contains 2.3 wt.% Ce and 0.32 Nd. HPDC alloy 4 contains 1.25 wt.% La, 1.56 wt.% Nd, 0.51 wt.% Ce and
0.42 wt.% Zn. HPDC alloy 5 contains 2.56 wt.% La and 0.35 wt.% Nd. Reprinted from Ref. [11] with permission.





Witte et al. [46] has hence challenged the use of these in-vitro solutions alone without the 
inclusion of inorganic molecules that are present in biological environments. He argued 
that the corrosion rates of magnesium alloys measured by in-vitro method are higher and 
also contradictory to that measured by in- vivo method due to the absence of these 
inorganic molecules that can alter the mechanisms of corrosion of magnesium in solution. 
In his latter experiments, his team modified the in-vitro experimental procedures to 
simulate the physiological condition, using m-SBF solutions with bovine-serum albumin. 
A brief description of the influence of proteins on the degradation behavior of 
magnesium is given in the next subsection on how inorganic ions influence in the 
corrosion behavior of magnesium in the body [47]. 
 
2.2 Biocorrosion of magnesium and its alloys in the human body 
Corrosion of implants, including magnesium is largely dependent on site-specific 
conditions of the tissues and the local environment surrounding them. Some of these site-
specific conditions include the composition of organic and inorganic ions and 
temperature of the tissue. Local environmental factors largely refer to the efficacies of the 
immune systems that act to suppress bacteria and fungi colonization on foreign bodies, 
such as implants. Very often, these microorganisms can alter the pH of the local 
environment and correspondingly inhibit or accelerate the rates of corrosion of the 
magnesium implant. Research conducted in-vitro tests of corrosion behavior of 
magnesium and its alloys arising from the effects of colonization of these implants on the 




scope of this thesis to study the effects of bacterial and virus colonization and other 
variations of the local environment on the corrosion process.   
 
As highlighted in the previous subsection, several inorganic ions, such as Cl- anions play 
an active role in exacerbating the corrosion process of magnesium. Although it would be 
ideal to match the concentrations of these inorganic ions involved in the corrosion 
process of magnesium to those that found in an actual biological vocal fold environment 
for in-vitro experiments, the process is fraught with multiple challenges. We do not have 
access to direct measures of pH and chloride concentrations on the site of a vocal fold. 
Moreover, to our best knowledge, there exists no prior literature that documents the 
constituents of organic ions in the vocal fold environment.  Furthermore, local blood flow 
and water content of the different tissues (local chloride content, hydrogen diffusion 
coefficient) is drastically across various anatomical parts of the human body, including 
the vocal fold environment  [42].  
 
Bearing these limitations, our alternative was to assume the vocal fold environment to 
close enough to that of the human blood and plasma, which has relatively well 
documented concentrations of organic and inorganic constituents. A brief overview of the 
typical concentrations of organic and inorganic constituents in blood and plasma was 
documented by Xin, Y et al [41]. The concentration of inorganic! ions in plasma and 
blood are averaged!as follows:!Cl- ions - 0.1mol/L, HPO4- ions - 1.0mmol/L, Mg2+ ions - 




that! range! from!HBSS! to! PBS! solutions! often! fall! close! to! these! concentrations! of!blood!and!plasma!and!are!extensively!used!for!in#vitro!testing!of!biomaterials![25].(
 
On the other hand, organic molecules in biological fluids largely consist of amino acids 
and proteins.  Proteins were averaged to have a typical concentration of 63g/L in blood 
plasma. However, an averaged concentration of amino acids in human blood was not 
published in the literature surveyed [41]. It is important to note that the chief constituent 
amino acid- hyaluronic acid that differentiates the vocal fold from other bodily tissues. 
Hyaluronic acid is one of the chief components that maintain the pliability of the vocal 
fold mucosa [48]. However, there exist a wide variance in levels of hyaluronic acid not 
just across gender differences and age differences, but also patient variances in different 
constitutional structures of the vocal fold. A young male’s (below 50 years of age) vocal 
fold cover has hyaluronic acid ranging from 100.6mg/g to 1586mg/g of dry tissue, 
averaging to 774.6mg, young female (below 50 years of age) ranging from 27.2mg/g to 
660.15mg/g of dry tissue, averaging that of 1193.3mg/g. The quantitative hyaluronic acid 
variability in young adults was 3 times higher in men and 32 times higher in women [48]. 
It would be extremely challenging to assume a suitable concentration of hyaluronic acid 
to incorporate for in-vitro experiments and assess its impacts on the corrosion of 
magnesium. 
 
In contrast to amino acids, research has documented preliminary evidence that proteins 
can deter the corrosion process of magnesium in in-vitro biological fluids mixed with 




the implant surfaces shift the mechanics of corrosion of magnesium by altering either 
cathodic or anodic processes, or both [39, 40]. Figure 5 shows that the addition of BSA 
significantly shifts the open-circuit potential toward a more positive value in Simulated 
Body Fluid (SBF) but tends to retard the localized corrosion [47]. It is particularly 
noteworthy that the proteins shift the potentials to nobler values over the hydrogen line 
and below the oxygen line, where is so-called hydrogen ions stable region. Therefore, the 
cathodic formation of H2 (g) or the corrosion reaction is suppressed.  
 
When the Mg2+ ions react freely with the albumin in Cl- (aq) or SO42- (aq) anions in 
solution, a strong adhered coating of albumin forms on the surface of magnesium. This 
effectively impedes the dissolution process of magnesium in solution [47]. It can be 
inferred that the addition of inorganic constituents to other biological test solutions would 
similarly modify the corrosion rates of the magnesium material by either limiting the 
cathodic formation of hydrogen or limiting the anodic dissolution of magnesium. 
  
Figure 5: pH-potential diagram of magnesium and its alloys in various Simulated Bodily Fluids (SBFs). We 
observe that a higher Bovine Servum Albumin (BSA) concentration correlates to a cathodic shift in potential of 
the underlying magnesium material. Sourced from [47]. 
















nesium depletion is attributed to cardiac arrhythmias, the
development of atherosclerosis, vasoconstriction of coronary
arteries and increased blood pressure in the cardiovascular
system.[8] Therefore, magnesium features popularly in wide
varieties of drugs and food supplements. The therapeutic win-
dow for magnesium supplements is wide and sideeffects are
rare. Together with calcium, sodium and potassium, magne-
sium is efficiently controlled in the body by homeostatic mech-
anisms and toxicity is not generally a problem.[8]
The advantage of magnesium is not only its good biocom-
patibility but also its mechanical properties. The specific den-
sity of magnesium and its alloy are approximately 1.7 g/cm3,
which is very similar to that of human calvarium bone
(1.75 g/cm3). The elastic modulus of pure magnesium is
45 GPa, which is much similar to that of human bone
(40–57 GPa), but only a half of that of Ti6Al4V.[9] Therefore,
orthopedic applications of magnesium are attractive for
orthopedic surgeon and research; despite some of t e first
orthopedic magnesium alloys were not successf l and were
fallen into disuse. Magnesium-based materials were first
introduced as orthopedic biomaterials in the first half of 20
century. The first use of magnesium in trauma surgery was
reported by Lambotte,[10–11] who applied a plate of pure mag-
nesium with gold-plated steel nails to secure a fracture
involving the bones of the lower leg in 1907. Recently, Witte
et al.[12] conducted a cartilage repair on magnesium scaffolds
(AZ91) used as a subchondral bone replacement. In-vivo
study by Witte[13] and Zhang[14] as well as Duygulu[15] etc. im-
plied that the magnesium alloy AZ31 implantation is benefi-
cial to the new bone formation and biocompatible in animal
experiments.
This paper reviews the corrosion issues on magnesium
alloys, the recent progress on the studies of magnesium alloys
as implant materials and discusses the influence of a variety
of factors on corrosion behavior of magnesium alloys in order
to have a insight into the corrosion mechansim and protection
characteristics of magnesium alloys. The scientific challenges
are also proposed based on our researches and the under-
standing of the works by other scientists.
2. Corrosion in Body Fluid
Corrosion is defined as the destruction or deterioration of
a material because of reaction with its environment under the
influence of chemical, physical and electrochemical factors.
corrosion in body fluid is more complicated than in natural
environments, because the degradation rate is affected by a
variety of factors such as protein, pH value change and
so on.[16]
2.1. Corrosion mechanism of magnesium
A modified pH-potential diagram of Mg and its alloys in
various SBFs is shown in Figure 1. The corrosion attack of
magnesium in aqueous environment can be expressed as the
following partial reactions:
Anodic reaction:
Mg→Mg2+ + 2e (1)
Cathodic reaction:
2H2O + 2e→ 2OH- + H2 (2)
Product formation:
Mg2+ + 2OH–→Mg (OH)2 (3)
General reaction:
Mg + 2H2O→Mg (OH)2 + H2 (4)
3. Forms of Corrosion
If applied as an orthopedic biomaterial, it will have to face
the following challenges: corrosion, fatigue and erosion or
their combined interactions. Fonta[17] classified corrosion into
eight typical forms: uniform/general corrosion, galvanic
corrosion/bimetal corrosion, pitting corrosion, crevice corro-
sion, intergranular corrosion, selective leaching/parting,
erosion corrosion, and stress corrosion. In additon, there are
more distinct types of corrosion such as fretting corrosion,
cavitation corrosion, corrosion fatigue, and hydrogen embrit-
tlement et al.[18] The most common corrosion types for mag-
nesium and its alloys in SBFs may be galvanic corrosion,
pitting corrosion and corrosion fatigue and erosion corrosion
as well:
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Fig. 1. pH-potential diagram of Mg and its alloys in various SBFs. BSA-bovine serum
albumin. BSA 0.01 and BSA0.1 indicateing SBF wi h 0.01 g/L and 0.1 BSA, respec-




Aside from the influence of proteins that corrosion of magnesium in a biological 
environments, the control of temperature for in-vitro experiments are important. A study 
by Kirkland et al. [43] predicts that corrosion of high purity magnesium corrodes 50% 
faster than expected in a condition at 40 °C, which is only a temperature increase of 3 °C 
from the bodily temperature. To our best knowledge, there were no other sources of 
literature that characterized the fluctuations temperatures in the vocal fold environment. 
Investigations with regards to the in-vitro corrosion tests of the microclip should hence be 
set at bodily temperatures of 37°C to draw closer comparisons to in-vivo rates of 
degradation. 
 
Based on these discussions, a study that incorporates a series of various concentrations of 
amino acids and proteins, into commonly used simulated bodily fluids for in-vitro 
experiments at bodily temperatures of 37°C could serve to augment the veracity of results 
given by the simulated bodily fluids alone. This would be a meaningful step in 
understanding and minimizing disparities in-vitro and in-vivo rates of degradation of 




2.3 Negative1difference1effect1on1the1corrosion1of1magnesium1 1! !
The degradation rate of magnesium exhibits anomalies in corrosion behavior other than 
the influences of organic and inorganic ions in biological fluids, or by fluctuations of 
bodily temperatures alone. For most metals more noble than magnesium, there exists 
good quantitative agreement between weight loss and hydrogen evolution during anodic 
polarization processes. When a metal becomes less electronegative through processes 
such as anodization or given a galvanic coating, a form of cathodic protection. The 
former results in the reduction of charge transfer from the metal surface to the solute by 
passivation of the metal surface. The latter is known as the process of sacrificial 
protection, whereby metals more electronegative than magnesium, such as calcium would 
degrade in preferentially to protect the underlying magnesium structure [37].  
 
As compared to other metals, the rate and amount of hydrogen evolution on magnesium, 
i.e. the cathodic reaction can actually increase as the surface of the magnesium is made 
passive with an increase of its electronegative potential (hence the term negative 
difference effect, NDE). Results from linear polarization experiments reveal that the 
hydrogen evolution reaction rate increases with less negative electronegative potentials, 
especially for high purity magnesium specimens [36]. This finding is especially important, 
as few metal coatings such as calcium that are more electronegative than magnesium will 
only serve to increase the rate of corrosion of magnesium bulk material if coupled 
through coatings or alloying [41]. Figure 6 illustrates a theoretical account of the 






Figure 6: Negative Difference Effect in corrosion of magnesium. Ih, m denotes the rate of hydrogen evolution at 
the cathode, which taken as the absolute benchmark in measuring rate of corrosion of magnesium in light of the 
variance in electronegative potentials of magnesium being altered. When the potential is changed to a more 
positive value, Eappl, the rate of the anodic partial reaction increases along the curve marked Ia to the value 
IMg,e and in the same time the cathodic reaction decreases along the curve Ic to the value IH,e. Thus for an 
applied potential, Eappl, the actual rate corresponds to the value IH,m (which represents an HER current 
significantly greater than the expected current corresponding to IH,e). Thus for an applied potential Eappl, the 
actual dissolution rate or the experimentally measured weight loss corresponds to the value IMg,m, which 
represents a corrosion current significantly greater than the expected current corresponding to IMg,e. Sourced 
from [36]. 
 
To complement the theory associated with NDE, when the electronegative potential of 
magnesium is increased, an anodic partial reaction is facilitated- the dissolution of 
magnesium to a metastable Mg+ ion at film free surfaces. Only one electron is involved in 
this reaction. This means that for the same current density twice the amount of 
magnesium is dissolved than expected from the electrochemical direct divalent reaction, 
since n, the number of electrons involved in the reaction based on Tafel kinetics has been 
reduced from 2 to 1. 
 
The released metastable Mg+ ion is able to combine with hydrogen molecules to form a 
The overall reaction gives
2Mgþ 2Hþ þ 2H2O ¼ 2Mg2þ þ 2OH# þ 2H2
or
Mgþ 2H2O ¼ MgðOHÞ2þH2
For (single–phase) Mg alloys, corrosion typically takes the form of localized corrosion
since Mg is partially protected by the hydroxide film. Since the free corrosion potential is
more positive than the pitting potential in 3% NaCl solution, for example, pitting spreads
laterally in the case of magnesium alloys and deep pitting is not frequently observed. The
chance development of areas of localized corrosion leads to undermining and release ofMg
particles [33]. Winzer et al. [33] added that cathodic hydrogen production can still proceed
on the surface film at such a negative potential, but the evolution rate decreases with
increasing potential until the pitting potential is reached. At the pitting potential, the surface
film begins to break down, and both H evolution andMg dissolution becomemuch easier on
the film-free area. With increasing potential, the film-free area increases, so there is more H
evolution. Also, the rates of cathodic and anodic reactions increase, causing more H to be
produced at higher potentials. In the considered anodic dissolution reaction, there is only
one electron involved—half the number of electrons expected. This means that for the same
current densitymoreMg is dissolved than expected from the electrochemical direct divalent
reaction.NDE is common in the corrosion ofMg andMgalloys. Song et al. [33] found that a,
b, and AZ91 die-cast alloys all showed NDE.
Schematic explanation of the NDE has been given by Song et al. [35] (Figure 10.4),
showing that the anodic Mg dissolution current can increase faster than expected from the
polarization curve due principally to the increase of the hydrogen evolution reaction (HER)
at the applied potential. The normal anodic partial reaction and cathodic partial reaction are
shown by the solid lines marked Ia and Ic, respectively, in a Tafel diagram (E versus log I).



















Figure 10.4 Schematic explanation of the negative difference effect [32].




less stable surface film comprising of magnesium hydride, MgH2 (s), as clearly indicated 
in the Figure 3b in the previous section. MgH2 can be easily broken off by hydrolysis or 
processes of oxidation to form Mg(OH)2 and hydrogen gas as a byproduct, accounting for 
further dissolution processes [36].   
 
Based on the argument of the Negative Difference Effect of magnesium, coatings that are 
more electronegative than magnesium can actually exacerbate the process of corrosion 
instead of providing sacrificial protection.  This also implies that metals such as calcium, 
which are more electronegative than magnesium, would likely not be good candidates for 
coating onto magnesium if an overall reduction in corrosion rates were one of the primary 
objectives of research. 
 
An understanding of the negative difference effect in terms of coatings on magnesium is 
essential for the appropriate selection of coatings to tailor the duration of degradation of 
magnesium for our experiment. Through careful selection of coatings, particularly that 
consisting of biopolymers, the corrosion of magnesium can be achieved with easier 
success. Some of the recent advances in coating for corrosion protection of magnesium 






2.4 Polymer coatings and corrosion of magnesium 
Various coatings have been considered in the delaying of corrosion rates of magnesium 
in solution.  Some of these biopolymer coatings include polylactic acid and 
polycaprolactone coatings on magnesium substrates [14, 44, 48, 50] . It is recognized that 
poly (DL-lactide-co-glycolide) (PLGA) with relative molecular mass of 200,000 has been 
used in medical application due to its good blood compatibility [45].    
 
Huang, et al. [47] applied dipping technology to prepare degradable poly (lactic acid) 
coatings on pure Mg implant on which a silane coupling agent was first coated in order to 
improve adhesion strength between Mg samples and polylactic acid. Preliminary results 
were indicative that the polylactic acid mitigated the mass losses of magnesium in an in-
vitro environment of HBSS. In a separate study, Ian Johnson, et al. [14] recently applied 
nHA-PLGA (nanostructured hydroxyapatite- poly (lactic-co-glycolic acid) to the surface 
of magnesium via spin coating processes. Using inductively coupled plasma atomic 
spectroscopy (ICP-AES; Optima 2000 DV, Perkin Elmer Instruments), the recorded 
concentration of magnesium ions found in solutions containing the PLGA coated 
magnesium samples were approximately 20% lower than the uncoated magnesium 
samples at the end of the 24 hour study. Weight-loss test results tallied with SEM images 
also showed a massive delamination of the nHA-PLGA film due to hydrogen gas being 
accumulated at the interface between coating and magnesium surface within the initial 24 
hours. Considerable challenges exist in enhancing the bond strength of the magnesium- 
nHA/PLGA film interface before it can be applied reliably to curtain the corrosion rates 





On the other hand, Polycaprolactone (PCL) a semi-crystalline polymer from the aliphatic 
polyester family with a melting point of 60°C and glass transition temperature (Tg) of -
60°C can be easily shaped and processed at room temperature. Polycaprolactone is 
digested into soluble mineral acids, carbon dioxide and water and breaks down in a 
biological environment via hydrolysis process. The material has undergone extensive in-
vivo and in-vitro tests of biocompatibility and efficacy and has been FDA approved. 
However, pure PCL has a long degradation period of approximately 2 years due to its 
hydrophobic nature. Bioceramics such as Hydroxyapatite (HA) and Tri-calcium 
Phosphate (TCP) have been blended with pure PCL to improve its osteoconductivity, 
hydrophilicity and expedite its period of biodegradation [51]. Chen et al. [50]  has 
conducted preliminary studies of dip-coating PCL and PLA coatings on magnesium. 
Based on the results of the polarization experiments conducted by the author, PCL coated 
magnesium samples were more effective in the reduction of corrosion rates of 
magnesium in- vitro than the PLA coatings. 
 
Polycaprolactone, being considered a hydrophobic polymer can also provide an adequate 
protection from magnesium under the harsh conditions of chloride containing 
environments. The backbone chain of the polymer hydrolyses to form an acid group via 
ester hydrolysis. We hypothesize that this helps to maintain pH integrity of the implant 
site as the acid neutralizes the dissolved magnesium hydroxide ions. This helps to 
preserve equilibrium of biological environment and minimize cell toxicity caused by 






In this chapter, the mechanisms of degradation of magnesium in various conditions have 
been briefly discussed. Corrosion behaviors of magnesium within biological 
environments are very different to that of immersion in simulated aqueous environments. 
Knowledge of the various mechanisms of degradation in both environments would 
facilitate discussions and understanding of the results of in-vitro experiments, which test 
the corrosion behavior of magnesium in simulated bodily fluids in Chapters 3 and 4. Last 
but not least, a benchmark of existing materials is presented to generate possible 
interventions that can serve to mitigate the corrosion behavior of magnesium within the 





Chapter 3: Preliminary study of degradation of magnesium !As! highlighted! in! the! literature! review,! there! exists! a! lack! of! systematic!understanding! of! tailoring! in#vitro! solutions! to! mirror! the! biological! behavior! of!
different regions in the human body [42].  This is evident by the range of solutions used 
as in-vitro test media in the evaluation of magnesium and its alloys under varying 
circumstances and approximations [38, 44, 45]. The absence of global frameworks and 
standardized protocols compounds the selection process of a suitable in-vitro test media 
that can serve as the most appropriate proxies to the biological sites of implants in the 
human body [42].  
 
Nevertheless, to begin feasibility studies of magnesium as an implant without a 
benchmarked proxy for the vocal fold environment, we decided to use a common test 
media, Phosphate Buffered Solution in a preliminary study to assess the experimental 
corrosion behavior of our selected magnesium samples. Phosphate Buffered Solution has 
been extensively used in the study of degradation of biomaterials that were to be applied 
in a multitude of environments ranging from bone matrix and blood [43, 45].  
 
The selection of a suitable magnesium source for the experiments had to be considered 
carefully, as the purity of the magnesium samples can have a nontrivial impact on the 
corrosion rates for benchmarking against the results summarized by Xin et al. [41]. Pure 
magnesium with a purity of 99.99% degrades at a rate which is approximately 10% of 
that of magnesium with a purity of 99.9%.  Due to the cost- economic considerations of 




99.5% purity. It was important that magnesium material selected contained a low 
percentage of lead, <1000ppm and aluminum content of less than 3% as these were 
associated with cases of neurotoxicity and cytotoxicity respectively [41].  
 
3.1 Experiment objectives 
The objectives of the experiments that are to be conducted are to be as follows:  
 
a. To measure and determine the rates of corrosion of magnesium in a controlled in-
vitro environment of various simulated bodily fluids to be approximated to a vocal 
fold environment. 
 
b. To evaluate various media against current literature as a suitable in-vivo 
environment of the Vocal Fold. 
 





Further limitations of a weight change test measurement include sensitivity to adhesion of 
oxide deposits and scales. While there may be various methods such as cleaning with hot 
dilute chromic acid, these chemicals are not readily available and require higher level of 
safety clearances equipment to be procured to be suitably deployed, which has not been 
obtained within the experimental time frame. 
 
3.3 Methods and materials 
Rectangular strips (3.33mm wide and 0.33mm thick) of magnesium3 (with purity of 
99.5%) (Sigma Aldrich, 13103) were cut to a length of 30mm. A total of 12 samples, 
(n=3) for each week had been measured for thickness with Vernier calipers and had 
individual weights recorded, with accuracy to that of 10-1mg. 
 
The immersion test was carried out in a solution of artificial saliva composed of 10:1 
concentration of Phosphate Buffered Solution (PBS) (Sigma Aldrich). A magnetic stirrer, 
calibrated at a rotation speed of 300 rpm, was placed at the bottom of the beakers to 
prevent limiting effects of concentration polarization that can inhibit hydrogen evolution. 
The experiment was initially conducted at room temperature of 25°C.  
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!3!Specifications of magnesium Ribbon procured (Sigma Aldrich, 13103)-    
Molar Mass, M- 24.31g/mol, Density, ρ- 1.738 g/cm3, Composition: 99.5% Mg (min), 
being insoluble in HCL. Impurities constitute a maximum of 0.05%, of which comprising 




Specimens were subjected to atmospheric drying in a dry cabinet for 48hrs before their 
weight was recorded. Selected specimens were then examined using FESEM. 
 
3.4 Results and discussions  
Upon completion of the first week of the experiment, visual inspection of the magnesium 
ribbon revealed cracks along the length. It is likely that the uneven deposits coated along 
the magnesium ribbon set-up a series of localized anodic and cathodic sites along the 
ribbon, resulting in exacerbated degradation of magnesium, based on SEM images shown 
in Figure 7.  
!
 
 Figure 7:  Selected SEM images of magnesium ribbons. (a) Relatively clean site with few deposits (b) Elongated 
flakes of deposit that radially spread out along magnesium surface. 
 
From the recorded results of net weight-gain with respect to period of immersion 
represented in Figure 8, the results of the in-vitro weight loss were not promising; each 
ribbon that weighed 56.7mg ± 0.6mg had gained 8.0mg ± 0.6mg in weight after 1 week 
of immersion. This was due to the accumulation of deposits on the clips on the first and 
second week. We attempted to remove the corrosion products via polishing with silicone 
carbide sandpaper, resulting in a recorded weight loss of 5.0mg± 0.8mg. The recorded 
degree of corrosion of magnesium was not significant due to an increase in pH which 




Moreover, the removal of corrosion products over a large surface area via mechanical 
polishing is difficult to regulate. Recorded weight losses can be far greater than the actual 
weight losses removed due to corrosion. 
!
Figure 8: Preliminary studies on weight gain of magnesium ribbon. 
 
Since weight loss measured in terms are far limiting to the geometry, size and shape of 
specimen involved, we decided that subsequent corrosion experiments planned for 
analysis for the degradation period of magnesium clip and its variants use clips of as 
close to the original size and shape as the intended clip for implant. 
 
Many high degradation alloys and metals are highly sensitive to temperature dependent 
corrosion. An increase in temperature of 10°C can potentially double the rate of reaction 
(in this case corrosion of magnesium), based on Arrhenius Laws. However, this is an 




























vivo has been a poorly understood one, given the nature of conflicting reports from 
various authors that magnesium is not sensitive to minute changes in temperature. It is 
not within our scope to investigate the effects of temperature dependence on the 
simulated results of corrosion within an in-vitro environment. However, to achieve 
simplicity in matching the temperature dependence of magnesium in an in-vivo 




With the preliminary results giving some confidence that the actual degradation rate of 
magnesium was likely to be doubled, we proceeded to plan for actual accelerated 
degradation tests on magnesium clips and the effect of various coatings on the 
degradation of the clips, using revised test medium and parameters that attempts to match 




Chapter 4. In-vitro tests for magnesium 
A series of in-vitro tests were conducted in order to quantify and validate corrosion 
behavior of magnesium strips, at the actual magnitude of size comparable to those that 
would be shaped into implants for the surgery procedures. To better match the actual 
biological conditions, the experiments would be conducted at 37 degrees Celsius 
temperature.  
 Here,!we!built!on!our!hypotheses!that!PCL8!coated!magnesium!clips!can!mitigate!the!rapid!mass! losses!of!magnesium!seen! in! the!preliminary!degradation!experiments!discussed! in! Chapter! 3,! at! least! for! the! initial! period! of! 24! hours! following!immersion! of! the! clips! into! in#vitro! test! media.! We! also! hypothesized! that! the!additional!coating!of!the!PCL!essentially!preserves!the!pH!of!the!in#vitro(buffer!test!media! beyond! extreme! alkaline! conditions! associated! with! reports! of! cell8!cytotoxicity.!Li!et(al.([53]!reported!that!that!a!high!pH!level!of!9.23!correlates!to!low!!survivability!rates!L929!cells!found!in!rabbits!blood.!!
4.1 Experiment111
The preliminary results of degradation of magnesium experiment served as a reasonably 
good validation of our choice of material that degrades within a reasonable frame of time. 
According to Dr Lau, the validation of corrosion characteristics of magnesium is crucial; 
the magnesium strips should be able to retain its mass and dimensional stability within 




pure magnesium corrodes at a rate of 0.1g per 3-4 weeks depending on site of the implant. 
Hence, the material chosen should not have a mass exceeding 0.1g [54]. 
 
To better match the possible conditions of biocorrosion in a human saliva environment, 
accelerated corrosion tests with regular replacement of Phosphate Buffered Solutions 
mixed with 0.92g/L Xanathan gum, as a proxy for proteins was conducted on a daily 
basis with the exception of weekends. By enabling periodic replacement of the in-vitro 
PBS solutions, we strived to maintain the pH values of the buffer close to the pH values 
of human blood, between the pH of 7.15–7.35 [31]. 
 
4.1.1 Methods and materials 
Magnesium strips (6.96mm long, 0.42mm wide and 0.35mm thick) of magnesium (with 
purity of 99.5%), and density of 1.738g/cm3 (Sigma Aldrich, 13103) were cold-sheared 
with a stainless steel paper cutter at an incident angle of 30° to the horizontal.  The size of 
the magnesium strips was geometrically identical to that of the magnesium clips 
implanted in the porcine model for in-vivo evaluation. These were used instead of the 
magnesium clips themselves as cold working, such as bending and stretching of pure 
magnesium has negligible effects on the corrosion rates of magnesium [46, 48]. 
(
All specimens were surfaced polished with 2000 Grit emery paper. SEM pictures of the 
strips were taken post-sheared, after cold working and after deployment, with magnified 
portions of the strip displayed in Figure 9. Both magnesium strips as well as the PCL-
coated magnesium strips were not found to exhibit significant differences.  In figure 9b, 






Figure 9: SEM Images of magnesium strip. (a) Uncoated sample. (b) PCL coated magnesium strip. !
Poly-ε-caprolactone (PCL) with molecular structure -(COO CH2 CH2 CH2 CH2 CH2)n- 
and average molecular weight of 80,000 (Sigma Aldrich, 440744) was used to coat some 
of the specimens. A 3% weight-volume concentration of PCL was dissolved in methylene 
chloride and the magnesium specimens were immersed in the PCL solution at room 
temperature for 45 seconds. The specimens were then air dried at room temperature. 
Magnesium and PCL coated magnesium samples were grouped and weighed collectively 
in batches of 10 samples and averaged, up to precision of 0.1mg. The surface and cross- 
section morphologies of specimen prior and after immersion tests were examined by a 
field-emission scanning electron microscope (FESEM-S4300) with an accelerating 
voltage of 14kV. 
 
For the first batch of samples, the immersion test was carried out in a solution composed 
of 10:1 concentration of PBS (Sigma Aldrich), with added 0.92g/L Xanatham gum in 
attempts to draw closer comparison with the organic molecules present in human saliva. 
To expedite the process of corrosion testing, the concentration of NaCl is maintained at 
8g/L as compared to the documented concentration of 0.85g/L in Xialine1 artificial saliva 





0.22mm2/mL was ensured to nullify effects of saturation, according to the ASTM-G31-72 
[57], that prevents concentration polarization effects that could inhibit the dissolution 
process of magnesium.   
 
A magnetic stirrer, calibrated at a rotation speed of 60rpm, was placed at the bottom of 
the conical flasks to prevent limiting effects of concentration polarization of the cathodic 
hydrogen evolution. Magnesium and PCL coated samples were suspended in separate 
solutions in conical flasks via thread. The pH of the solution was first recorded at 7.36 
pH of the solutions containing the various samples were periodically recorded, and 
solutions were replaced everyday, except on the weekends encompassing days 6 & 7, 13 
& 14 to maintain their volume over the 2 week period of the immersion tests.  Specimens 
were subjected to atmospheric drying in a dry cabinet for 48hrs before their corrosion 
products were removed manually with silicon carbide 2000 grit paper and their weight 
was recorded. All specimens were then examined using FESEM. 
 
4.1.2 Results 
The normalized weight gain of the specimens and pH of the m-PBS are collectively 
plotted in Figure 10. Rapid increase in weight and pH of the uncoated magnesium clips 
was observed for the first day. One of the factors of increase could be largely attributed to 
the precipitation of phosphate particles from m-PBS solution reacting with the surface 
dissolved magnesium ions due to the high pH value recorded [50].  We hypothesized that 
Xanatham gum particles accounts for part of the precipitation onto the magnesium 




This process anodized the magnesium surface and retarded the rate of dissolution of 
magnesium into solution. The effects of anodization are reflected with a declining rate of 
weight loss from Phase I to Phase II of the immersion period. 
!
Figure 10 - The weight gain of specimens (%wt) and pH of m-PBS plotted as functions of corrosion 
time. 
 
The sharp increase of pH on the first day was reflective of localized increase in pH in the 
cathodic sites caused by dissolution of magnesium. These localized areas of increased pH 
change catalyzed the formation of magnesium hydroxide (brucite) that served as a semi- 
passivizing barrier. However, its plate-like structure allowed for the ingress of electrolyte 
to the fresh metal surface underneath, allowing new corrosion products of Mg(OH)2 to be 
formed while slowing down the process [36]. A mass loss was observed after the first day, 
as new corrosion products forming beneath the surface of the film introduce surface 
stresses that led to its delamination.  Narrow circular pits were also observed to creep 
through the surface, clearly captured in Figures 11 (b and c). Figure 11c especially 






































exfoliated products of corrosion being washed away. The delamination of the surface 
film of the uncoated magnesium strips became pronounced in the first week, based on the 
SEM images given in Figure 12 (a and b). The decreasing localized sites for formation of 
new surface layers of Mg(OH)2  due to aeration of the solution, compounded by 
aggressive attack Cl- ions on Mg(OH)2  promotes mass losses through the freshly exposed 
magnesium surface.   
 
Likewise, a sharp increased weight gain for the PCL coated magnesium samples was 
observed for a longer duration of 3 days (Phase I).  A less permeated layer of magnesium 
hydroxide coating was formed, possibly due to the surface of the metal made more 
anodic by the layer of PCL fibers that were relatively well adhered. Similar to the 
findings reported by Chen et al. [50], it was observed from Figure 13a that multiple gas 
pockets existed in the PCL coatings shown in Figure 13b. By the end of the 2nd week of 
experiments, PCL coatings were observed to delaminate from the surface of magnesium 
as shown in Figure 14a and 14c. This could have accounted for additional weight losses 
in Phase II and III when the partial pressure of hydrogen evolved from corrosion of 
magnesium broke apart the slower degrading PCL film.  
 
It was noticed that the pH of the m-PBS solution that the PCL coated magnesium strips 
were immersed in experience increases to a maximum of 7.87 from 7.36 over phase 1, 
and remains relatively stable to the 9th day where it rose in Phase III. This was indicative 
of a stable PCL film in the first 9 days of immersion before the film begins to give way to 





Figure 11: Surface morphologies of uncoated magnesium strips after degradation tests. (a, b) 
magnesium strips after 1 day; (c, d) magnesium strips after 3 days.  
!
Figure 12: Surface morphologies of uncoated magnesium strips after degradation tests. (a, b) 









Figure 13: Surface morphologies of PCL coated magnesium strips after degradation tests. (a, b) PCL 
coated magnesium strips after 1 day; (c, d) PCL coated magnesium strips after 3 days.  
!!
Figure 14: Surface morphologies of PCL coated magnesium strips after degradation tests. (a, b) PCL 










The primary cause of high rates of rational corrosion of uncoated magnesium strips could 
be attributed to the self- dissolution of magnesium from the m-PBS solution. Firstly, the 
formation of Mg(OH)2 under localized alkaline conditions increased its corrosion 
potential, thereby allowing the partial dissolution of magnesium to magnesium univalent 
ions, forming the intermediate MgH2 in a basic solution. These areas of dissolution 
served as micro cathodes and contributed to an increase of OH- ions, thereby increasing 
the localized pH, further catalyzing the corrosion process.  Consequently, the partial 
anodic dissolution of magnesium involved only one electron. This resulted in the 
dissolution of more magnesium than expected from the electrochemical divalent reaction 
[3, 36].  
The high rate of corrosion could also be attributed to high amounts chloride anions, 
which posed great aggressive attack on the implants. The high concentration of chloride 
ions could dissolve the semi-protective layer of Mg(OH)2 into aqueous MgCl2. 
Breakdown of Mg(OH)2 film decreased the protected area and promoted further 
dissolution of the substrate. Song and Atrens suspected that chloride ions were involved 
in the intermediate step of magnesium dissolution by accelerating the electrochemical 
reaction from magnesium to magnesium-univalent ions [58].  
  
Another factor that could have resulted in the fast corrosion rates of magnesium in 
solution could be due to the uneven surfaces of the unpolished magnesium, attributed 
from the adhesion of impurities. The uneven surface provides a poor substrate for the 




surface as shown in Figure 12b. The loose layers could be more easily washed off from 
the surface of the magnesium than a congruent, well-adhered layer of Mg(OH)2 that 
bonds well with a smoother surface [50]. Additionally, the uneven coatings create more 
localized anodic and cathodic sites for localized corrosion of magnesium. Larger amounts 
free magnesium surface are available for anodic dissolution of magnesium given by 
Equation (4), thereby rendering magnesium specimens to degrade at a faster rate than 
they would have if they were to be better polished. 
 
Most other studies involving degradation studies of magnesium had involved the surface 
pickling of the magnesium for cleaning impurities and polishing the surface [53]. 
However, the use of chromic acid in our institution posed special safety issues and 
clearances, which we were unable to obtain at time of the experiment. Hence, we opted to 
use 2000 grit Emery paper to remove most of the corrosion products carefully. This 
might not be necessarily a major disadvantage since “under polished” microclips could 
degrade at a higher rate than those that have been polished and pickled clean with 
Chromic acid- a increase in surface roughness of the material can lead to faster corrosion 
kinetics which we desire for the application of our microclip [33]. Kannan et al. [33] 
cautioned that the occurrence of pits were more likely to happen on poorly polished 
magnesium surfaces, as plots revealed a shift of current exchange density, ia to higher 
values with increased surfaced roughness, without a corresponding shift in the cathodic 





Although quantitative methods have not been employed to determine the effects of 
surface roughness on corrosion rates of magnesium in PBS solution, SEM photographs in 
Figures 11 to 14 had not revealed the extensive occurrence of pits with out methods of 
polish, though narrow pits were had been recorded. Hence, we deemed that this method 
of polishing the microclips was unlikely to pose an issue to the structural integrity of the 
microclips for in-vivo experiments.  
 
In contrast to the uncoated magnesium specimens, the concurrent degradation of PCL 
involved hydrolysis of their ester links and the release of acids into the surroundings. 
Localized alkalinity caused by dissolution of magnesium and magnesium hydroxide lead 
to the hydrolysis of the polymers, thereby affecting their stability on the Mg(OH)2 layer 
[3].  Acidic byproducts, illustrated by Figure 15(b) that arise from the hydrolysis of PCL 
could consequently react with the Mg(OH)2, thereby resulting in cavities to enlarge at 
interface between the coating and the magnesium surface,.  During this process, hydrogen 
gas that has been previously entrapped by the dense network of PCL fibres gathers 
sufficient energy to break free of PCL coating illustrated by Figure 15(c), leading to 
increased degradation rates [50].  
 
However, one of the important benefits of this process is that the acidic byproducts of 
hydrolysis could neutralize the pH rises associated with the increase of OH- ions.  This 
would especially help to preserve the pH integrity of the local biological environment 




degradation was illustrated in Chen, Y, et al. and the corresponding figure is reproduced 
in Figure 15 [50].   
!
Figure 15:  Schematic illustration of the interaction between PCL-coated magnesium samples and 
PBS Solution. (a) Hydrogen and Mg(OH)2 by the reaction between the matrix and the penetrated H2O 
as well as the dissolution of Mg(OH)2 by Cl- ions; (b) degradation of PCL under the catalysis of the 
Mg(OH)2 layer (alkali in nature) and the dissolution of Mg(OH)2 by the released acids and (c) the 
collapse of the polymer coating. Sourced from [50]. 
 
While pure magnesium would have a faster rate of absorption in a simulated artificial 
saliva environment, the early loss of mass indicated dimensional instability. This 
phenomena coupled with the fast rise of pH of the environment could have led to the pre-







is completed. Although the micro-clip was not fully exposed to bodily fluid, the size of 
micro-clip was small enough for our team to assume that the vicinity of varied corrosion 
potential across wet/dry areas of the micro-clip was unlikely to drastically affect the 
overall corrosion of the clip.  
 
Conversely, the PCL coated samples demonstrated a lesser degree of corrosion, with 
better dimensional stability whilst preserving the localized pH environment within a time 
span of 2 weeks.  Consequently, the degradation of mechanical strength due to hydrogen 
embrittlement and stress corrosion cracking could allow the intended purpose of holding 
an wound in place for 2 weeks and then breaking off and be ingested.  These observations 
would be promising for further development of the clip, whereby the sections of the 
microclips are deliberately designed to degrade in mechanical strength while preserving 
the pH stability around the localized implant environment. This would allow the 
microclip to hold the wound in place for the desired period of time, before breaking off 
and being absorbed in the lower respiratory system [3]. 
 
Aside from the influence of surface roughness that affects the veracity of in-vitro 
corrosion results of magnesium, the suitability of phosphate buffered solution was 
questioned as a choice of media for in-vitro corrosion studies [43]. Phosphate ions could 
bind with the new unstable surfaces of magnesium that contained low concentrations of 
magnesium ions to form soluble salts of magnesium phosphate, regardless of pH 
influences [42]. This is to say that the PO43- anions could compete with the OH- anions 




the accuracy provided by in-vivo tests for the actual biological environment in which it 
should be employed. Chen, et al. [59] depicted the likely formation of soluble magnesium 
salts such as MgHPO4 and MgPO4 in conditions of low concentration of magnesium ion 
ranging from below 10-3 to 10-2 Mol across pH levels of 6-12 to a freshly exposed metal 
surface. This could effectively reduce the dissolution of magnesium with the formation of 
compact and insoluble phosphates. Unlike Mg(OH)2, the precipitated phosphates cannot 
be destroyed by chloride ions [59]. This impedes the usefulness of in-vitro corrison 
results for meaningful comparison of corrosion rates of magnesium with in-vitro 
experiments benchmarked by Xin et al.[41]. 
 
In subsequent in-vitro experiments, alternative simulated biological media that has 
minimal participatory elements of phosphate ions should be investigated to give a better 
accurate reading of corrosion rates of magnesium in a vocal fold environment. The choice 
of media should be without significant influence of HPO42- or PO43- anions. 
 
4.2 Experiment 2 
Reviewers of the paper  “A bioabsorbable microclip for laryngeal microsurgery: Design 
and evaluation” [3] had questioned the validity of use of a 10X concentration of 
Phosphate Buffered Solution for in-vitro tests which could differ greatly from those of 
the in-vivo environments due to higher presence of phosphate anions [38, 50, 52]. Based 
on the earlier discussions of phosphate ions having aggressive attack on hydroxide ions, 
having 10X the concentrations of phosphate ions in the in-vitro media compared to those 




thereby compounding its comparison to in-vivo experiments conducted in biological 
environments [43, 60].  
 
A second experiment was called to evaluate the corrosion characteristics of magnesium 
and PCL- coated magnesium specimens in a standard biological buffer with minimum 
concentration of phosphates to improve and address the limitations of the first experiment, 
particularly the choice of in-vitro media. It was crucial that the simulated biological 
buffers did not have ion concentrations that were 10X the concentrations of blood and 
plasma [41]. Hank’s Balanced Salt Solution4 of 1X Concentration was eventually decided 
as the alternative media. It is has been extensively studied in in-vitro degradation tests of 
magnesium in biological environments with good documented results [47, 53]. Most 
importantly, unlike PBS, HBSS does not contain the presence of HPO42- or PO43- anions 
that can impede the dissolution of magnesium. 
 
Apart from comparing the corrosion rates of magnesium and PCL- coated magnesium 
strips using standard biological buffers, our research team sought to bridge the disparities 
of corrosion rates of magnesium between in-vitro and in-vivo experiments on porcine 
vocal folds. The inclusion of a second test media for assessment of corrosion magnesium 
and PCL-coated magnesium specimens in comparison with in-vitro corrosion 
experiments of the same specimens in HBSS would serve as an exploratory exercise and 





Instead of using compositions of blood and plasma as a standard for standard biological 
fluids for selection for the second in-vitro test media, the synthetic biological fluids that 
serve as a substitute for saliva was assumed to be closer approximated to the fluids in 
vocal fold environment. There exists a multitude of saliva substitutes, such as Xialine 1 
and Xialine 2 that have been used to simulate the corrosion behavior of dental 
biomaterials [50, 56]. These mainly include ions of magnesium (Mg2+), K+ (potassium), 
sodium (Na+), chloride (Cl-), thiocynate (SCN-), ammonium (NH4+), calcium (Ca2+) and 
carbonate (CO3
-) with a near neutral pH. In addition to these ions, artificial saliva, Xialine 
1 and Xialine 2 contains Xanatham gum that seeks to emulate fraction amounts of 
viscous organic compounds such as glycoprotein in saliva.  
 
Although the use of the Xialine solution or biological saliva equivalents would have been 
an ideal choice with its documented constituents and prior works in degradation tests, the 
procurement for these solutions within a suitable timeframe proved to be futile within 
lead-time, distribution and budget constraints. Instead, a comparative study to use other 
sources of artificial saliva (BioXtra Mouthrinse Solution) from a local pharmaceutical 
distributor was prescribed by the project supervisors. The BioXtra mouthrinse solution 
was prescribed in local pharmacies to patients as a saliva-triggering substitute to remedy 
frequent conditions of dry mouth.  !
4.2.1 Protocol revisions 
For the second experiment, 2 sets of buffers were used for the in-vitro experiments. The 




without the presence of PO43- ion. HBSS was set at a 1:1 concentration for this series of 
in-vitro experiments to better match the concentrations of organic ions in plasma.  
Xantham gum of 0.92g/L was not added to the Hank’s Balanced Salt Solution. The 
second buffer of BioXtra mouthrinse solution was used as is for the in-vitro experiments. 
A picture showing some of the chemical constituents of BioXtra mouthrinse solution is 
given in the Figure 16. A minimum volume to surface area of specimen exposed of 
0.45mm2/mL, chosen to nullify effects of saturation that could impede corrosion applied 
to the provisions of both buffers [56].  
!
Figure 16: Ingredients of BioXtra Mouthrinse solution. 
 
The experiment required increased volume provisions of in-vitro solution for each set of 
samples for the immersion studies. Owing to lead-time considerations, the project 
supervisor, Dr Chui called for the second experiment to proceed with despite resource 
constraints in procurement of HBSS. Limited periodic replacement of HBSS solutions 
resulted in the solutions recommended for replacement on the 1st day of immersion, 3rd 




frequent replacement of fresh HBSS buffer solution for the immersion test, we expected 
that the pH of HBSS solution could potentially surge and stagnate at levels beyond pH= 
8.5 leading to a slower degradation response of the magnesium strips as compared to 
Expt 1 could hence be expected in this study [36]. The corresponding limitations of the 
results of the experiment were made aware to the Dr Chui. !





Uncoated magnesium clips lose close to 42% of their weight by the end of the 3rd day and 
close to 80% of their weight by the end of a week during immersion in Hank’s Balanced 
Salt Solution. This is a 38% increase of corrosion rate that is experienced by the 
immersion of the clips immersed in Phosphate Buffered Solutions from the previous 
experiment, based on comparative results shown in Figure 18. The corrosion rates are 
greatly reduced after the first week of immersion in HBSS solution than in PBS solution. 
The uncoated magnesium clips and PCL coated magnesium clips both have remaining 
masses after 14 days of the immersion period as compared to those immersed in PBS in 
the first experiment. Although approximately 6 of 10 of the uncoated magnesium clips 
have been dissolved by the end of 14 days, we were able to record a net weight loss of 
80% of the clips from the remaining specimens.  
 
Comparative weight losses were benchmarked between samples soaked in HBSS and the 
artificial saliva (Bioxtra mouthrinse solution) conducted in this experiment are shown in 
Figure 19. The remarkably slower rates of corrosion for all clips in artificial saliva as 
compared to those immersed in HBSS solution were not entirely surprising due to the 






Figure 17:  pH of magnesium specimens in HBSS Vs Artificial Saliva plotted against time.   !
!
Figure 18: Plot of Weight Gain/ Weight Loss of magnesium w and w/o PCL Coatings in HBSS Vs PBS Solution 


































Figure 19: Weight gain of magnesium and PCL coated- magnesium Strips in Artificial Saliva versus HBSS 
solution at 37 degrees Celsius. 
Above mass losses degradation studies, SEM images were obtained to study the 
corrosion phenomena of the strips and compare specimens of uncoated magnesium 
samples and PCL coated specimens. There have been neither significant nor 
extraordinary findings from the SEM images deviated from what has already been 
reported in the first corrosion experiment. A selected series of SEM photographs that 
compared the surfaces of unpolished specimens of magnesium and PCL- coated 




Comparing results of pH plotted against immersion time in Figure 10 and 17, the value 


















The assumed correlation of dissolution of magnesium with the increased concentration 
chloride ions of HBSS solution in contrast to the PBS solution could be well- 
overestimated in literature [47]. Interestingly, the fluctuations in pH of both Hank’s 
Balanced Salt Solutions containing the magnesium specimens and PCL-coated 
magnesium stabilized after the first week of experiments, accompanied by reduced rate of 
weight losses of magnesium clips and PCL-coated magnesium clips in both solutions 
after the first week of immersion. 
 
Although the in-vitro media was changed from 10X PBS solution to 1X HBSS, it became 
not entirely surprising that the corrosion rates of the uncoated magnesium specimens 
increased by 38% in the first week at high levels of pH above 8.5, but kept below stable 
magnesium film formation at pH levels of 10.5. The pH increase during the first week of 
immersion could be attributed to the abundance of OH- ions not consumed by buffering 
agents, such as HPO42- ions and HCO3- ions. These ions, which have served as a strong 
buffer in 10X PBS by consumption of OH- ions and preserving pH stability of the in-vitro 
test environment in the first experiment were reduced in the current experiment 
conducted in 1X HBSS solution.  The decrease in buffering agents in the consumption of 
abundant OH-ions could result in the availability of the feed forward anodic dissolution 
of magnesium directly into solution, driving the anodic reaction highlighted in Equation 
(2), section 2.1 [41]. Hence, future experiments using HBSS as an in-vitro media should 
include a matching amount of buffering HCO3- anions to human plasma to avoid 




This could be a step forward in understanding and matching suitable in-vitro solutions for 
degradation experiments on magnesium at various bodily sites. 
 
After the first week of immersion experiments, we notice that there was a sharp decline in 
corrosion rates for both the uncoated and PCL coated magnesium strips. Owing to the 
non-frequent replacement of HBSS media, corrosion may be impeded due to the now 
depleted local H+ ions that drive the forward cathodic reaction of forming hydrogen, 
exhibiting effects concentration polarization. Furthermore, the high concentration of 
magnesium ions already present in the buffer solution could possibly serve to deter 
further anodic dissolution of magnesium, though the effects of mass transport and 
chemical equilibrium are poorly understood. 
 
In addition, an anomaly within the reported pH plotted against HBSS solution- the 
pronounced decrease of pH of the HBSS at 28 days to a value lower than of the prepared 
HBSS buffer at its initial pH, particularly at the end of the 4th week of experiment was 
recorded. This was in agreement with the suggestion that the local corrosion rate of the 
magnesium anode might well be expected to rise when more magnesium was dissolved at 
the anode–solution interface [36].   
 
In support of our hypothesis, the PCL coated magnesium strips had similarly seen a 
deceleration in corrosion in HBSS solution as with the first series of experiments 
conducted in PBS. PCL-coated magnesium microclips had only lost 33% of their original 




compared to its immersion in a Phosphate Buffered Solution environment as reflected in 
Figure 19. This can be further supported claim made in discussions on the first series of 
experiments that acidic degradation of the PCL coating serves to neutralize pH increases 
caused by the dissolution of magnesium hydroxide in solution [50]. 
 
In contrast to experiments conducted in Hank’s Balanced Salt Solution, we noticed that 
the corrosion process of magnesium clips and PCL- coated magnesium clips occurred at 
slower rates in artificial saliva. One of the reasons that could account for the slow 
corrosion in the artificial saliva environment is due to the presence of high concentrations 
of fluoride ions, 1500ppm concentration (equivalent to 0.078 M). These fluoride ions 
could possibly inhibit any forms of hydroxide or anion attack on the surface of the 
magnesium. Magnesium fluoride could form a stable protective covering that well inhibit 
the corrosion process of magnesium in the in-vivo environment, much different from that 
in a biological environment which then explained the slow degradation kinetics of the 
magnesium clip in an in-vivo environment. A predominance diagram calculated using the 
MEDUSA software predicted the formation of a solid passive layer of magnesium 
fluoride, MgF2 (s) compared to aqueous MgCl2 (aq), given pH levels above 4 at low 
concentrations at about 10-5M concentration based on the equilibrium formation constants 
the complexes and phases in a given chemical system [59]. 
 
The accuracy of this series of experiments was shown be limited with the high levels of 
pH in the initial week of experiments. A final round of experiments was carried forth to 




4.3 Experiment 3 
Insufficient periodic replacement of test media- Hank’s Balanced Salt Solution and 
Artificial Saliva in the last series of experiments resulted in solutions that were stagnant 
with magnesium ions and other products of corrosion in solution.  Recorded pH values of 
the solutions had been continually above 9.0 owing to a lack of solution for replacement, 
especially in the first week of the experiment. This could retard the corrosion process 
where magnesium hydroxide forms a stable protective layer on the surface of remaining 
structure, according to the Pourbauix diagram given in Figure 3.  Moreover, test 
conditions were conditions were far limiting in favor to match the turnover of fluids 
biological environment that averages from a few hours to a day. A final series of 
experiments would be conducted to validate the corrosion behavior of magnesium in the 
test solutions. Periodic replacements of in vitro test media could minimize inaccuracies 
that might arise due to concentration polarization that retards the corrosion rates of 
magnesium. 
 
4.3.1 Protocol revisions 
In this experiment, the same media, Hank’s Balanced Salt Solution was replaced in the 
earliest 24hrs of immersion, with the exception of weekends (Days 6 & 7, 13 & 14, 20 & 
21) . Unlike the lack of replacement of solutions in Experiment 2, this would negate the 
likelihood of concentration polarization that could lead inaccurate in-vitro mass losses 





The magnesium strips used in this experiment were measured, cut and categorized into 
groups of 50 within a thickness deviation of 0.05mm before they were weighted and 
recorded for the initial weights. This intermediate process reduced the errors associated 
with the variances of weight of the strips that had been previously cut and bent by hand in 
the previous two experiments to within 0.05mg. Magnesium strips after immersion were 
carefully polished with silicon carbide paper of 2000 grit specification to scrub off 
deposits and scales before taking the final weight. SEM photos of the specimens would 
be compared before and after cleaning. Although this method is limiting in accuracy as 
compared to conventional documented methods of cleaning and pickling with chromic 
acid, it is possible to obtain an insight to how much material is lost, especially on the 
immediate first day of immersion where such data is obscured in the previous 
experiments [37, 61].  
 
A sample of variance of parameters for the corrosion tests for the final experiment is 
shown in Figure 20 on the next page. Similar variance of parameters for the former 
corrosion experiments have been drawn up in the preceding experiments mentioned in 
Chapters 3 and Chapters 4. !
In addition to the previous studies on measuring weight loss alone, this study served to 
benchmark corrosion rates for many materials are often expressed in terms of the 
expression of mils/year or other equivalent time units. Advantages of this method give 
the penetration rate (per unit time/unit area) and are useful in predicting the life of the 





A sufficiently good set of results will enable the results of our in-vivo corrosion rates 
against the corrosion rates of magnesium and its modifications studied by Xin et. al [41]. 
There results can also serve to pose insights to whether a change in commonly used in-
vitro medium has a pronounced impact on the corrosion process of magnesium- both 





Figure 20: Experimental plan for in-vitro corrosion experiments.  Similar plans were drawn up for the preliminary degradation studies described in section 3.3 and for the first 2 in-
























The results are discussed according to the various methods of handling the samples. 
Samples immersed in the HBSS Solution witnessed weight losses that range between 
40-42% for the PCL-coated magnesium strips as compared to the uncoated strips 
within the 1st 7 days of immersion, as shown in Figure 21. It was observed that the 
weight loss rate of uncoated magnesium strips followed a trend of logarithmic decay. 
This could be attributed to the shrinkage of available surface area of magnesium for 
charge transfer to take place between the underlying magnesium surface and that of 
the medium. Weight losses were similar to Experiment 2 conducted, particularly at 
the timepoint of 7 days. 
!
Figure 21:! Plot of Weight Gain/ Weight Loss of magnesium w and w/o PCL Coatings in HBSS Solution at 
37 degrees Celsius. !
Conversely, samples immersed in Bioxtra mouthrinse solution recorded weight loss 
measurements indicated a close to 20% dip of weight for the uncoated magnesium 
samples and PCL-coated magnesium samples within the first 24 hours, as shown in 






















reactions that occurred at the interface of the magnesium clips and the artificial saliva 
solution. It is however, not in the scope of this thesis discussion to investigate 
chemical reaction and kinetics of the magnesium clips and the artificial saliva 
simulant. 
 
Corrosion rates for PCL-coated magnesium samples in artificial saliva exhibited 
stability against degradation, with insignificant fluctuations in mass losses ranging 
from immersion subsequent to the first 24 hours to the end of the second week of 
immersion. A further mass loss of approximately 10% wt, totaling to a mass loss of 
~30% was then recorded at the third week of the experiment. 
 
Uncoated magnesium strips immersed in Bioxtra mouthrinse solution, on the other 
hand, exhibited an almost linear decrease in mass losses (-0.0004wt% per hour, with 
R2 value of 0.99) after the first week of immersion, as shown in Figure 22. Negligible 
fluctuations in weight losses of PCL coated magnesium strips were observed for the 
first 2 weeks of immersion, after the initial loss of 20% weight that can be attributed 





Figure 22: Plot of weight gain/ weight loss of magnesium w and w/o PCL Coatings in artificial saliva 
(BioXtra mouthrinse) Solution at 37 degrees Celcius. (*Readings for weight loss of magnesium for first 24 
hrs and 3rd day of immersion have been excluded, in the construction of a linear model to predict mass 
losses in the  artificial saliva solution. 
 
Aside from mass losses of the magnesium strips during the immersion, SEM images 
were obtained to study the corrosion phenomena of the strips. Likewise to Experiment 
2, there have been neither significant nor extraordinary findings from SEM images of 
the corroded specimens that contrasted significantly from what has already been 
reported in Experiment 1. A separate series of SEM photographs that compared the 
surfaces of uncoated magnesium strips before and after cleaning off of corrosion 
products is appended in Annex B. Similarly, no extraordinary findings have been 
uncovered in the observations after cleaning of the surface scales.!
 
To complete our initial studies on the in-vitro characteristics of magnesium strips and 
PCL coated magnesium strips, the normalized mass loss rates of pure magnesium and 
PCL coated magnesium strips in HBSS and Artificial Saliva media, expressed in 



















represented graphically in Figure 23.  In order to benchmark corrosion rates with 
those given by previous works stated in the literature, the normalize mass loss rates 
were calculated and converted into thickness reduction rates, represented graphically 
in terms of (/mm/day) in Figure 24 [36]. 
 
A 3-day trial of weight losses in Hank’s balanced salt solution well establishes the 
relationship that a coating of PCL does indeed help in the retardation of corrosion 
rates of up to 30%. A seven day, on the other hand, revealed that corrosion rates could 
be reduced by half with a 2wt% coating of PCL onto the magnesium surface in an 
environment that is subjugated to the presence of HCO3- and Cl- ions.  
 
A 14-day analysis of mass loss rates seemed to be significantly reduced for uncoated 
magnesium in HBSS solutions. It was difficult to measure the surface area of the 
magnesium at this point of time as many of the tips of magnesium strips have been 
corroded off and surface area is drastically reduced.  
 
A 21-day analysis of mass loss rates revealed an approximate 31% decrease in mass 
loss/ cm2 per day for the PCL coated magnesium samples. Importantly, these results 
verify that the corrosion rates exhibited by magnesium and with PCL coatings are 
very much congruent with the surveyed literature rates given by a comparison of 






Figure 23: Degradation rates of pure magnesium and PCL coated magnesium strips in HBSS and 
Artificial Saliva media, expressed in terms of per unit area of mass losses per day (mg/cm2/day). Our 
recorded mass loss rates are convergent to results of corrosion rates of pure magnesium in minimum 
essential medium (MEM) reported by Xin, Y, et al. [41]. Conservative estimates were used in the 
calculation of the net surface area of magnesium specimens used, hence resulting in possibly lower than 
reported rates of measurement of mass loss/cm2/day. Moreover, the diminishing surface area of the 
specimen was not taken into account in the averaged mass losses at various timepoints.  !
!
Figure 24:! Degradation rates of pure magnesium and PCL coated magnesium strips in HBSS and 
Artificial Saliva media, expressed in terms of thickness reduction per day (mm/day). Rate of thickness 
reduction of uncoated magnesium specimens plummeted by more than half, occurring between the 7th 
and 14th day of study. Conversely, the rate of thickness reduction recorded for PCL coated samples is 
reduced from 0.04mm/day on the first few days of immersion and is stabilized at approximately to 















































The author wished to highlight that these normalized corrosion rates are subjected to 
possible large sources of inaccuracies due to the process of calculation of cuboid 
surface area based on recorded dimensions of the magnesium struts on a set of vernier 
calipers. Variances in thicknesses of magnesium struts were kept to a minimum by 
means of grouping within an order of magnitude of 0.02mm. 
 
An accurate record of overall surface area of the cut specimens was difficult to 
achieve within standard laboratory means of measurements. Precision of calculating 
the surface area of cut specimens could be further enhanced by means of a CT scan 
and mapped via vector measurements by software, such as SolidWorks. This will be 
suggested in the future discourse of such investigations. !
4.3.3 Discussions 
Visual inspection of the clips after corrosion indicated the likelihood of the clips to 
break at the tips due to the thinning of the edges, as well as the stress concentration on 
the curved sections of the magnesium clips. A premature thinning of the distal ends of 
the clip during the initial days of clip insertion in the event of a hostile biological 
environment could prove to be severely detrimental to its ability to hold the wound in 
place. 
 
Although it is interesting to discover that an approximate 8% and 18% of loss of mass 
of the clips occurs on the first day of immersion in HBSS for the PCL- coated 
specimens and uncoated magnesium specimens based on results in Figure 21, there 
were no other significant differences in weight loss of the final experiments and 




losses of the magnesium strips could have been much overestimated in practice for 
objects of small surface area.  
 
PCL- coated clips have shown good control of large variations of pH of the 
environment in which it is immersed. It could hence be less likely to  triggering of 
aggressive inflammatory reactions, such as multi-nuclei giant cells to encapsulate the 
signal of foreign material accompanied by the increases in pH [53]. Results of 
thickness reduction rates presented in Figure 24 affirmed that PCL coated magnesium 
samples could withstand early stage corrosion within the first 2 weeks of immersion 
in in-vitro environments excessive premature losses in mass and volume. 
 
Due to the difference in chemical compositions of HBSS and artificial saliva 
produced, particularly the presence of HCO3- ions and Cl- ions in the former and Fl- 
ions in the latter, the calculated mass losses cannot be strictly indicative of corrosion 
rates of the same implant being used in a human vocal fold. Patient specific factors, 
such as water intake and hydration of the vocal folds, as well as a history of 
gastroesophaegeal reflux would have major impact on the corrosion rate and viability 
of use of formed magnesium clips as the implant on a patient. 
 
In the author’s opinion, in-vitro immersion tests using HBSS can serve as a worst- 
case scenario analysis of corrosion that can occur, without consideration of saturation 
effects that can occur due to slow-stagnant saliva environment. This environment is 
perpetuated with Mg2+ ions and results in a high pH environment that retards further 
corrosion of the magnesium strips. Artificial saliva on the other hand, did not contain 




hydroxide scale on the surface. The high levels of viscosity, coupled with the possible 
formation of stable MgF2 layer was likely to account for the lower degree of mass 
losses that accompany those of the magnesium hydroxide. !
4.4 Conclusions 
Pure magnesium strips exhibited a faster rate of absorption in the in-vitro test 
solutions of PBS and HBSS across all three experiments. The early loss of mass, 
indicative of dimensional instability coupled with the fast rise in the pH of the 
environment did not yield promising results of application of uncoated magnesium 
clips in laryngeal microsurgery. In the worst scenarios, an increased likelihood of 
premature fracture and dissolution of the uncoated magnesium clip was more likely to 
occur than the PCL coated magnesium specimens in laryngeal microsurgery. 
 
Conversely, throughout all three experiments, the PCL coated magnesium strips 
demonstrated a lesser degree of corrosion, with better dimensional stability while 
preserving the localized pH environment within a time-span of 2 weeks. These 
observations would be promising for further development of the clip, whereby the 
sections of the micro-clips can be deliberately designed to degrade while preserving 
the pH stability around the localized implant environment. This would allow the 
micro-clip to hold the wound in place for the desired period of time, before breaking 
off and absorbing in the lower respiratory system.  
 
In future revisions of the experimental processes, a metal stamp and die set will be 
designed to punch out designated sizes of the magnesium microclips from the ribbon, 
with close tolerances and hence provide access to control the variances in geometry 





Though  results from the in-vitro corrosion experiments have demonstrated the 
potential of PCL coated magnesium specimens for a wound closure device with a 
period of degradation that matches the requirements for laryngeal microsurgery 
interventions; there are a still few limitations in our in-vitro study. Since this field of 
degradation study in the vocal fold environment is relatively novel, it is challenging to 
replicate the exact environment of the vocal fold. A series of in-vivo experiments 
involving the implantation of magnesium micoclips has to be effected to parallel 
results of in-vitro degradation tests to provide meaningful insights to the access the 
feasibility of actual magnesium microclip development as an alternative material for 




Chapter 5: In-vivo Experiments: Implantation of microclips into pigs  !To!evaluate!the!behavior!of!the!clip!in#vivo,!6!pigs!were!ordered!for!non$!survival!studies.!A!pig’s larynx is superior in contrast to the canine vocal folds, for it exhibits 
the human-like superficial layer with sparse fibrous components, with increasing 
collagenous fibers and decreasing elastic fibers close to the vocalis muscle [64]. 
Moreover, the heights of the vocal fold above the cricothyroid rotation point 
approximately converge to 20cm in humans, pigs, and dogs. However, the average 
membranous length (Lo) of the pigs measured approximately 22cm in length as 
compared to the human vocal folds [35]. However, since fundamental frequency of 
phonation is inversely proportional to the length of the vocal folds, and stresses in 
vocal fold increase with fundamental frequency, we can assume that microclips 
implanted in a pig to be a less-optimal biological model for in-vivo evaluation as 
compared to using humans for bedside tests.  
 
In-vivo studies were carried out in accordance with approval from the National 
University of Singapore Institutional Animal Care and Use Committee (IACUC 
protocol number 018/09).  !









(Zeiss OPMI, Oberkochen, Germany)!with!400mm!lens!was!used!for!magnification.!The!setup!for!in#vivo!experiments!is!shown!in!Figure!26.!
!
Figure 26: In-vivo Setup for surgical implantation of microclips. (a) Overview of surgical space and 
experimental setup. (b) Close-up photo of custom designed supporting framework that holds the 
laryngoscope in place for laryngeal microsurgery on pigs. !
The microclips were applied in as though they would be in an actual laryngeal human 
microsurgery, except the in-vivo proxies being used in these experiments were pigs. 
Due to variations in size and access to the vocal fold, the number of microclips 
implanted varied between the various subjects. With the assumption that each 
microclip experiences independent bioabsorption, we compared three different clip 
modifications – unpolished magnesium, polished magnesium and PCL-coated 
magnesium clips – while varying the thickness of the clips between 0.35, 0.25 and 0.2 
mm.  
 
The first pig was used primarily to investigate the rate of absorption of magnesium as 
our choice material. In pigs 2 and 3, the microclips were implanted on one side of the 
vocal folds over a created microflap, leaving the contralateral vocal fold intact so as to 
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Pigs 2 and 3 also had sutures (7–0 prolene and 6–0 vicryl) placed in lieu of one of the 
clips, so as to compare healing results between techniques. The thicknesses of the 
microclips were also varied between pigs 2, 3 and 4 to investigate its effects on the 
rate of absorption. PCL-coated microclips were implanted in pig 5. Similar to pig 2 
and 3, contralateral microflap was left unclosed as a control, so as to compare the 
healing results. The details of parameters of the types and number of clips used for 
each experiment are summarized together with results in Table 2. The pigs were 
sacrificed 2– 3 weeks post-surgery and their excised larynxes were fixed in 4% 
formaldehyde before samples were transferred to Dr! Ralph! Bunte,! Senior!Veterinarian! at! Duke$NUS!who! applied! standard histological staining procedures, 
Hematoxylin and eosin stain (H&E) [3]. !!
5.2 Results A! summarized! list! of! results! presented! in! terms! of! types! and! numbers! of!microclips!deployed!and!remains!at!the!end!of!the!experiments!is!given!Table!2.!A!detailed!summary!that!includes!the!specific!number!of!implants!made!on!each!side!of!the!pig’s!vocal!folds,!as!well!as!the!number!that!remains!after!sacrifice!is!documented!in!Table!3.!!
 
Table 2: Rates of bioabsorption for the four clip modifications. Clips implanted into the fifth pig were 
excluded as a combination of polished and unpolished magnesium clips implanted. Of the clips that 
remained at 3 weeks, due to clip migration, it cannot be easily determined which of the microclops remained. 
Reproduced and represented from source [2]. 
Clip No inserted No Remaining at 
End of Experiment 
Attrition Rate, % 
Unpolished magnesium 12 5 58 
Polished magnesium 8 1 88 
Gold coated 3 0 100 





Table 3: Summary of in-vivo experimental results. Reproduced from source [3]. Pig!no.! Items!placed!on!vocal!fold! Duration! Results!after!sacrifice! Remarks!Ipsilateral! Contralateral! Ipsilateral! Contralateral!1! 4!clips! 4!clips! 2!weeks! 1!clip!found! 0!clips!found! 0.35mm! thick,!Unpolished!
2! 4!clips!1! Non$absorbable!suture! Left!untouched! 2!weeks!
4!clips!found!1! Non$absorbable!suture!found! NA! 0.35mm! thick,!Polished!3! 3!clips!1!absorbable!suture! Left!untouched! 3!weeks! 2!clips!found! NA! 0.25! mm! thick,!Polished!4! 3!clips! 5!clips! 3!weeks! 0!clips!found! 1!clip!found! 0.2! mm! thick,!Polished!5! 4!clips! Flap!redraped! 3!weeks! 1!clip!found! NA! 0.2! mm! thick,!Polished,! PCL!Coated!!
In the first pig experiment, only one unpolished micro-clip was found remaining (75% 
attrition rate), compared to the 4 polished micro-clips inserted in the 2nd pig which 
persisted until its sacrifice at 2 weeks (0% attrition). This demonstrated that it was 
possible for the clips to remain securely fastened to the vocal fold for a prolonged 
period. However, it was that the clips bioabsorb between 1 and 2 weeks after 
application, as this was the period required for initial wound healing and tissue repair 
till sufficient strength has been restored.  
 
During the implantation process of gold-coated microclips, effervescent bubbles were 
noted on the epithelial surface of the vocal fold, probably due to the accelerated 
corrosion process exacerbated by galvanic currents set up by gold film serving as 
cathode and magnesium film serving as the anode. A picture depicting this 
phenomenon, as well as some of the difficulties in deployment of the microclip is 







Figure 27: Clips applied in-vivo to the porcine vocal fold. In the left picture, the arrow indicates a clip that 
rotated by the cup-shaped jaws. This was overcome by using a slightly smaller cup. The right picture shows 
reaction in the gold-coated clips (indicated by white arrows) immediately upon insertion in the in vivo pig 
larynx. The reaction is probably related to release of hydrogen gas and can be compared to the minimal 
reaction from the poly-caprolactone–coated clip in between the gold coated ones. Note that these clips have 
a lower profile than the earlier prototype in the left picture. 
 
In the designed case of holding an opposite vocal fold serving as the control, evidence 
of injury due to collision between the clips and the opposite fold was not observed. 
However, significant multinucleated giant cells and collagen was observed in the 
vicinity of pure magnesium that had not been mechanically polished. This was 
deemed much unfavorable in healing and was correlated to poor phonation outcomes 
due to the stiffer collagen bundles that damp the vocal fold oscillations. Consequently, 
healing outcomes were drastic and improved in the 3rd pig implanted, with the pure 
magnesium clips that were implanted having been polished. Clips of different sizes 
were not found to have a notable impact on the healing outcomes on the vocal fold. 
 
In the 5th porcine model, we compared the effects of wound closure and healing of 
uncoated magnesium clips and that of PCL coated magnesium clips. Only one of the 
PCL coated magnesium clips remained in situ and was removed during histology. 




Adequate healing results at the rest of the implant sites were observed.  
The  excised vocal folds were sent for histological evaluation. In all pigs, significant 
numbers of neutrophils were identified around the region of clip implantation. 
Neutrophils were also present when sutures were placed instead of clips, but a slightly 
larger degree of inflammatory response was found from the clip implant sites. This is 
especially prominent when comparing histological slides, such as the samples shown 




Figure 28: Histological results showing inflammatory reaction to the micro-clips. (A) Un-polished 
magnesium microclips; (B) PCL coated micro-clips; (C) inflammatory reaction observed around a 
polycaprolactone–coated clip 3 weeks after insertion. Black arrows indicate clip remnants. White asterisks 
indicate inflammatory reaction, which was more localized and acute in nature compared with the 
unpolished magnesium clip. Black asterisk indicates an area of relatively minimal inflammation between the 
clip ends. D) Cavity resulting from suture closure of vocal fold incision using 7-0 Prolene. Reproduced from 
[2], [65]. 
 
Both macroscopic and histological examination showed no evidence of injury due to 
collision or reaction in the contra-lateral vocal fold in the pigs undergoing unilateral 






varying degrees of inflammatory response was observed regardless of the finish or 
coatings on the clips. Unpolished magnesium micro-clips had the largest reaction with 
chronic and granulomatous inflammation and granulation tissue extending nearly 2 
mm from the insertion site was also found. Significant multinucleated giant cells and 
collagen were also observed in the vicinity [2, 3]. This is unfavorable in healing and 
could correlate to poorer phonation outcomes due to the stiffer collagen bundles that 
dampen vocal fold oscillations. Healing outcomes were much improved in the 3rd and 
4th pig, which had finer, polished micro-clips implanted (Figure 28c). Less intense 
and more localized reaction was observed instead. Minimal reaction was observed in 
areas adjacent to the sites of insertion, suggesting wound closure might have 
promoted healing instead. In the 5th porcine model, we compared the effects of wound 
closure and healing of PCL coated magnesium clips. Only one of the PCL coated 
magnesium clips remained in situ after three weeks and was removed during 
histology.  
 
In contrast, a relatively smaller numbers of neutrophils were observed surrounding the 
site of implant, which may be a result of the PCL coating on the clip reducing the 
degree of inflammation. Excessive collagen deposition was not found when 
comparing the site of insertion of the micro-clips to the unclipped areas.  
 
We also examined the inflammatory reaction after closing a mucosal incision using a 
surgical suture, and when no formal closure was performed. Figure 28d shows a 
control with a sample of suture closure using 7-0 Prolene. Although a small-diameter 
cavity persists, it is small and surrounded by only mild chronic inflammation around 




surrounding mild fibroblast proliferation with collagen production and scattered 
mononuclear cells.  !
5.3  Discussions and conclusions 
Despite documented results on the surface roughness of magnesium constituting a 
non- trivial role in the corrosion rates, the presence of multinucleated giant cells and 
collagen bundles are reflective of significant adverse tissue reactions targeted at 
isolating the magnesium clips. This concurs with the knowledge that biomaterial 
implant interfaces should maintain a low surface area to volume ratio to minimize 
attracting unfavorable multinuclei giant cells to the vast amounts of free energy.  
 
In addition, with reference to Tables 2 and 3, surface modification of the micro-clip 
may have a larger effect on the bio-absorption rate than thickness of the micro-clip.  
In the first experiment, only one unpolished micro-clip was found remaining (75% 
attrition rate), compared to the 4 polished micro-clips inserted in the 2nd pig which 
persisted until its sacrifice at 2 weeks (0% attrition). This could have been due to the 
larger pitting susceptibility and higher corrosion currents resulting from higher 
surface roughness [33].  
 
The persisting polished micro-clips from the 2nd pig demonstrated that it was possible 
for the micro-clips to remain securely attached to the vocal fold for more than 2 
weeks; even though it is desirable that bio-absorption occurs between 1 and 2 weeks 
after application. The large difference in results from reducing the thickness of micro-
clip from 0.25mm to 0.2mm in the 3rd and 4th pigs indicates that a thickness between 
these two values may potentially suit our requirements. Further from the results of 




coated microclip, it will be able to last for at least a week with thicknesses of 0.21mm, 
if in-vitro rates paralleled in-vivo corrosion rates.  
 
From the histological findings in the 5th pig, the reduced scarring could be due to a 
reduced inflammatory response, as the PCL coated micro-clips might be able to 
provide pH stability to the implant’s environment as accounted for in Chapter 4. 
Despite our in-vitro finding of slower degradation of PCL coated magnesium strips, 
the presence of entrapped pockets of hydrogen gas might have led to embrittlement of 
the structure through the mechanisms of stress corrosion cracking which may explain 
the similar rate of degradation in the 5th pig compared to the 4th pig.  
 
In addition to the histology findings, the lack of significant adverse tissue reactions at 
both the clip site and the opposing untouched vocal fold highlights its excellent 
biocompatibility, and suitability of size and shape. Application of the micro-clips was 
comparatively much easier than sutures, resulting in relatively large time savings per 
micro-clip application, where it takes 12-20 seconds compared to an approximate 
30mins or 45 mins depending on the skills and dexterity of the surgeon. The learning 
curve for the micro-clip application was also much less steep compared to suturing.  
 
The in-vivo degradation studies in the porcine vocal fold environment have a number 
of limitations. With the low number of animals used in the study, the implanted 
micro-clips were only monitored at the start and end of each survival study. While in-
vivo monitoring of the micro-clip over the course of its degradation would provide a 
more complete study, the subjects have to be anesthetized and intubated in 




dislodge of the clips during the intubation process. Conversely, setting different end 
points for each survival study group could avoid this limitation, but would require a 
much larger sample size of animals. Nevertheless, non-invasive imaging techniques to 








certain! proteins! shift! the! rate! of! corrosion! in! either! direction.! The! effects! of!amino! acids,! in! particular! hyaluronic! acid! on! the! degradation! of! magnesium!should!be!further!studied!since!it!makes!up!a!significant!constituent!of!fluids!in!the!vocal!fold.!This!has!been!discussed!in!the!literature!in!Chapter!2.!!Visual!and!qualitative!SEM!observations!of!comparative!surface!roughness!of!the!magnesium!specimens! in! the! in#vitro(tests!were! limiting.!These!evidences!have!poor!accounted!for!the!effects!of!non$polishing!of!magnesium!strips!led!to!higher!degradation!rates,!in!spite!of!references!made!to!prior!works.!Protocol!entailing!subsequent! in#vitro( test! experiments! should! be! revised! to! include! proper!methods! of! polishing! and! surface! cleaning! the! magnesium! specimens.! The!polished! specimens! should! be! examined! with! methods! such! as! Atomic! Force!Microscopy! to! document,! check! and! minimize! surface! roughness! variances!across! specimens,! since! the! direct! correlation! between! surface! roughness! and!corrosion!rates!of!magnesium!has!been!scientifically!substantiated.!!To! investigate! the! remaining!mechanical! strength!and! identify!potential! failure!of!clips!due!to!a!loss!of!mechanical!integrity!after!insertion,!we!recommend!that!the!mechanical!properties!of!the!clip!be!further!investigated!at!low!strains,!upon!





The in-vitro and in-vivo experiments conducted are yet a preliminary study and 
validation of research that has been conducted to prior literature findings.  However, 
we believe the studies yield immense potential for future development and extension 
of the microclip to various applications of wound healing in minimally access 
surgeries. Most importantly, the promising results of PCL-coated microclips having 
minimal host tissue reactions in-vivo, coupled with suitable degradation times address 
the needs of surgeons who desire of a simple enough alternative to conventional 
sutures for the wound closure following the completion of laryngeal microsurgery 
procedures. I propose that the subsequent research and development of the project 
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Figure 29: Surface morphologies of magnesium strips after 1 day. (a) Mg samples soaked in Artificial Saliva 
solution; (b) PCL-Mg samples soaked in Artificial saliva solution; (c)  Mg samples soaked in HBSS;  (d) PCL-













Figure 30: Surface morphologies of magnesium strips after 1 week. (a)  Mg samples soaked in Artificial Saliva 
solution; (b)  PCL-Mg samples soaked in Artificial saliva solution; (c) Mg samples soaked in HBSS; (d) PCL-Mg 














Figure 31: Surface morphologies of magnesium strips after 1 day. (a) (original) Mg samples soaked in Artificial 
Saliva solution; (b) (cleaned) Mg samples soaked in Artificial saliva solution; (c) (original) Mg samples soaked in 












Figure 32: Surface morphologies of magnesium strips after degradation tests for 1 week. (a) (original) Mg 
samples soaked in Artificial Saliva solution; (b) (cleaned) Mg samples soaked in Artificial saliva solution; (c) 
(original) Mg samples soaked in HBSS; (d) (cleaned) Mg samples soaked in HBSS solution. 
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